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Abstract Reef fishes, such as gray snapper, support important
recreational and commercial fisheries and use a variety of
habitats throughout ontogeny. Gray snapper juveniles may be
found in estuarine nursery areas, such as seagrass beds, or
mangrove shorelines, while adults are most often found in deep
channels and farther offshore, associated with hard-bottom hab-
itats. Juvenile and subadult gray snapper were collected from
1996 through 2009 during long-term fishery-independent mon-
itoring of several estuarine systems along the Gulf and Atlantic
coasts of Florida. Indices of abundance and habitat suitability
were constructed for gray snapper to determine size-specific
relationships between abundance, habitat, and environmental
conditions. Juvenile and subadult gray snapper were collected
year-round only in the southernmost estuaries but were most
common from July through December in all estuaries sampled.
In addition to timing of estuarine occupancy, abundance varied
with latitude; gray snapper were more frequently collected in
warmer, southern estuaries. In general, gray snapper were most
abundant in euhaline areas with a high percentage of submerged
aquatic vegetation (SAV) and, in most cases, where overhang-
ing shoreline vegetation was also present. Annual abundance
varied over the sampling period, with some juvenile peaks in
abundance translating to subadult peaks in subsequent years.
Although strong correspondence between juvenile and subadult
populations was not observed in all systems, long-term, broad-
scale habitat selection patterns as described in this study are
critical to more effectively assess populations of estuarine-
dependent species.
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Introduction

Gray snapper, Lutjanus griseus, are economically important
and estuarine-dependent reef fish that are distributed from the
mid-Atlantic Bight to Brazil and use a variety of habitat types
through ontogeny (Starck and Schroeder 1971; Allman and
Grimes 2002). Adult gray snapper spawn during the summer
(May—September) in offshore waters around reefs, wrecks,
and other structured habitats (Starck and Schroeder 1971;
Domeier et al. 1996). Larvae settle out of the plankton in
structurally complex estuarine habitats such as seagrass beds
(Allman and Grimes 2002; Tzeng et al. 2003; Denit and
Sponaugle 2004a). Juvenile gray snapper remain in estuarine
nursery areas, such as seagrass beds or mangrove shorelines
(Nagelkerken et al. 2000; Cocheret de la Moriniére et al. 2002;
Whaley et al. 2007; Faunce and Serafy 2008), while subadults
move into channels and eventually migrate to offshore struc-
tured habitats, where they reach maturity at 175-198 mm SL,
or at about 2-3 years of age (Starck and Schroeder 1971;
Manooch and Matheson 1981; Domeier et al. 1996). Gray
snapper tend to remain in mangrove habitats longer than other
reef-associated fishes, and some mature individuals have been
found in greater abundance in mangrove habitats than in
nearby coral reefs (Nagelkerken et al. 2000; Cocheret de la
Moriniére et al. 2002; Serafy et al. 2003).

Reef fishes, such as gray snapper, support important rec-
reational and commercial fisheries on the Gulf of Mexico
and Atlantic coasts. Recent studies have indicated that many
exploited reef fishes (specifically those in the grouper—snap-
per complex; Ault et al. 2006) along the southeastern United
States coast are being overfished due, in part, to increasing
pressure from the recreational fishery in recent decades (Ault
et al. 1998, 2005a). Gray snapper, as many other exploited
reef fishes, are especially susceptible to the effects of
overfishing due to unique life history characteristics such
as depth and habitat preferences, longevity, and a high



Estuaries and Coasts (2014) 37:206-228

207

probability of discard mortality for undersized individuals
(Coleman et al. 1996, 1999; Bartholomew and Bohnsack
2005). The bulk of gray snapper landings in the southeastern
United States occur in Florida, especially in the southern
portion of the state where they have been reported as being
overfished (Ault et al. 2005b). Along both coasts of Florida,
the recreational fishery lands more gray snapper per year
than do commerecial fisheries (FWRI 2010). Gray snapper are
also frequently caught during fishing trips targeting other
reef fish such as gag (Mycteroperca microlepis), red snapper
(Lutjanus campechanus), and red grouper (Epinephelus
morio). Despite heavy fishing pressure, a recent status and
trend report designates gray snapper stocks as stable (FWRI
2010). Monitoring these trends is important to the mainte-
nance of healthy stocks because overfishing of exploited reef
fishes may be manifested in a variety of population-level
responses, including declining abundance and reduced size
(Coleman et al. 1996; Ault et al. 2005a, b).

Variability in the abundance of young-of-the-year (YOY)
gray snapper may be attributed to fluctuations in factors such
as fecundity, larval mortality (due to red tide, for example),
larval transport, habitat availability, and survival rates in the
estuary (Warlen et al. 1998; Epifanio and Garvine 2001). The
variability in YOY abundance can sometimes be used to
predict annual changes in adult populations. The assessment
and management of commercial and recreational fisheries
have typically relied heavily on fishery-dependent data, al-
though the importance of incorporating fishery-independent
data, when available, has long been recognized (Myers and
Cadigan 1993; de Mutsert et al. 2008). Fishery-independent
indices of abundance have proved invaluable in the assess-
ment of several stocks in Florida (e.g., common snook and red
drum; Muller and Taylor 2006; Murphy and Munyandorero
2009) and have potential applications in forecasting fisheries
production from juvenile recruitment. Nevertheless, to be
effective, these indices must (1) be part of a statistically robust
survey design, (2) incorporate standardized sampling method-
ologies, and (3) cover a large enough geographical area to
adequately capture regional patterns.

The vulnerability of gray snapper to fishing pressure
makes it incumbent on fisheries managers to incorporate all
aspects of life history, particularly recruitment processes,
into assessments. As fishing effort increases, the quantity
of biomass available to the fishery is increasingly linked to
the strength of recruitment and survival of early life history
stages (Smith 1993); accordingly, accurate estimation and
prediction of juvenile recruitment is critical to the effective
assessment and management of at-risk fisheries (Smith 1993;
Koenig and Coleman 1998; Coleman et al. 1999). In addition
to developing indices of abundance for gray snapper that
reflect yearly cohort strength and long-term trends in abun-
dance, recognizing size-specific habitat preferences through
ontogeny can be important when describing the health of a

Fig. 1 The location of four estuarine systems along the Florida Gulf coast p
within which monthly stratified random sampling of gray snapper using a
21.3-m and 183-m haul seine was conducted (4B Apalachicola Bay,
1999-2009; CK Cedar Key, 1997-2009; 7B Tampa Bay, 1996-2009;
CH Charlotte Harbor, 1996-2009). In the upper panel, circles represent
locations where samples were collected. In the lower panel, circles repre-
sent locations where gray snapper were collected, with the size of the circle
representing the total number of gray snapper within each set

population. Several studies have examined habitat use by
gray snapper, but only on a fine temporal or spatial scale
(Bartels and Ferguson 2006; Faunce and Serafy 2007, 2008).
While these studies provide useful information, they are, in
general, not of great utility for large-scale assessments.
Accordingly, we conducted a comprehensive series of retro-
spective analyses of long-term (>10 years) monitoring data
collected in four Gulf and two Atlantic coast estuaries in
Florida to (1) characterize habitat selection by juvenile and
subadult gray snapper and (2) compare interannual recruit-
ment variability to qualitatively characterize concordance of
strong year classes among regions.

Methods
Study Area

We investigated patterns of habitat use by gray snapper in
four estuarine systems on the Gulf coast (Apalachicola Bay,
Cedar Key, Tampa Bay, and Charlotte Harbor; Fig. 1) and
two on the Atlantic coast (Northeast Florida and the Indian
River Lagoon; Fig. 2) of Florida. The Gulf coast estuaries are
proximate to the West Florida Shelf, a broad expanse of
ocean bottom containing much of the natural hard-bottom
habitat of the Gulf of Mexico (Briggs 1958; McEachran and
Fechhelm 1998). Along the Atlantic coast, the Gulf Stream
flows northward and is typically defined as the oceanic
boundary (Dame et al. 2000); the proximity of this boundary
to the estuaries depends on the distance of this current from
the shore. The broad geographic expanse of the overall study
area encompasses two distinct regions that are reflected in
fundamental latitudinal differences in climate and aquatic
floral (Sherrod and McMillan 1985) and ichthyofaunal com-
munities (Smith 1976; Gilmore 1995), which are reflected in
the differences among estuaries located in the northern and
southern ends of the study area.

Apalachicola Bay, Cedar Key, and Northeast Florida, the
three most northerly estuarine systems included in the cur-
rent study, differ markedly with respect to geomorphological
and hydrological characteristics. Apalachicola Bay is a shal-
low, semienclosed estuary bounded by a barrier island com-
plex with freshwater inputs originating largely from the
Apalachicola River and, to a lesser extent, the Carabelle
River (Livingston 1983). Cedar Key is the only open estua-
rine system examined in the current study; freshwater flow is
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qFig. 2 The location of estuarine systems along the Florida Atlantic coast

within which monthly stratified random sampling of gray snapper using a
21.3-m and 183-m haul seine was conducted (NE Northeast Florida
2002-2009; NIR Northern Indian River Lagoon, 1996-2009; SIR South-
ern Indian River Lagoon, 1997-2009). In the upper panel, circles repre-
sent locations at which samples were collected. In the lower panel, circles
represent locations where gray snapper were collected, with the size of the
circle representing the total number of gray snapper within each set

dominated by the Suwannee River and augmented by nu-
merous tidal creeks (Lindberg et al. 1992). The Northeast
Florida region is a broad estuarine system encompassing
three coastal plain estuaries, defined by their river basins
(St. Marys, Nassau, and St. Johns rivers), and interconnected
via the Atlantic Intracoastal Waterway. Shoreline vegetation
in all three northern estuarine systems consists largely of salt
marsh habitat (primarily cordgrass, Spartina spp., and black
needlerush, Juncus roemerianus). Both Gulf estuarine sys-
tems contain seagrass meadows consisting of mainly shoal
grass, Halodule wrightii, turtle grass, Thalassia testudinum,
and manatee grass, Syringodium filiforme, whereas in
Northeast Florida, bottom vegetation is present only in the
oligohaline reaches of the St. Johns River, upriver of down-
town Jacksonville (Burns et al. 1997).

The southern estuarine systems we investigated (Tampa
Bay, Charlotte Harbor, and the Indian River Lagoon) differ
by coast with respect to geomorphological characteristics.
Tampa Bay and Charlotte Harbor, the two most southerly
Gulf coast estuaries sampled during the current study, have
historically been viewed as drowned river estuaries (Galperin
et al. 1991; Sheng 1998), although recent evidence suggests
that Tampa Bay is underlain by a sedimentary basin formed by
karst processes (Suthard et al. 2010). Despite this potential
geological difference, both Tampa Bay and Charlotte Harbor
are bounded by barrier islands and connected to the Gulf of
Mexico by several main channels and smaller passes.
Freshwater flow into Tampa Bay originates primarily from
four rivers (Alafia, Hillsborough, Manatee, and Little Manatee
rivers) and numerous smaller tributaries (Schmidt and Luther
2002). Freshwater flow into Charlotte Harbor comes primarily
from the Peace, Caloosahatchee, and Myakka rivers. The
Indian River Lagoon system is a narrow estuary located along
the eastern central coast of Florida and, for this study, was
divided into two sampling areas: the sampling area identified
as the Northern Indian River Lagoon (NIR) that extends from
the Mosquito Lagoon south through the Indian Lagoon proper
to Vero Beach and the Southern Indian River Lagoon (SIR)
that continues south to Jupiter inlet. The Indian River Lagoon
is connected to the Atlantic Ocean by four permanent inlets
(Sebastian, Fort Pierce, St. Lucie, and Jupiter) and by one
intermittently open conduit via the Canaveral Locks that links
the Banana River to the Atlantic Ocean just south of Cape
Canaveral. Freshwater inflow comes primarily from the St.
Sebastian River in the north, the St. Lucie and Loxahatchee
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rivers in the south, and numerous creeks located mainly along
the western shoreline (Paperno and Brodie 2004; Sime 2005).
Unlike the northern estuaries, shoreline vegetation for all three
systems consists largely of fringing mangroves (predominant-
ly red mangrove, Rhizophora mangle, and black mangrove,
Avicennia germinans) and, to a lesser degree, salt marshes
(mostly black needlerush), although the Northern Indian River
Lagoon contains a greater proportion of salt marsh plants.
Seagrasses (predominantly turtle grass and shoal grass) are
widely distributed throughout the shallow regions of all three
estuaries.

Field Methods

A stratified random sampling design was employed to allocate
monthly sampling efforts within each estuary. The initiation of
sampling varied among estuaries and gear types, ranging from
1996 to 2002; sampling continued through 2009 (Table 1).
Monthly sampling effort was allocated among spatial zones
based on geographic and logistical criteria that defined areas
of biological and hydrological homogeneity. Sampling sites
were further stratified by habitat type depending on the estuary
and gear type used. Monthly sampling effort in each stratum
for each estuary was proportional to the total number of
potential sampling sites available. All sampling sites were
selected randomly without replacement; this procedure was
conducted each month.

Juvenile gray snapper were collected with a 21.3-mx1.8-
m center-bag haul seine with 3.2-mm nylon mesh in all
systems, except the Southern Indian River Lagoon, where
this gear was not used and, therefore, juveniles were not
collected. In shallow (<1.8 m) shoreline and offshore habi-
tats in all estuaries, except Northeast Florida, the 21.3-m
seine was pulled a distance of 9.1 m with a width of
15.5 m between the seine poles, sampling an area of approx-
imately 140 m>. Seines were deployed along estuarine shore-
lines to sample areas with emergent vegetation, mangrove
fringes, seawalls, and beaches. Seines were deployed off-
shore to sample flats at least 5 m from the shoreline; in all
estuaries, except Cedar Key, these deployments were strati-
fied by the presence or absence of submerged aquatic vege-
tation (SAV; presence was defined as >25 % SAV cover).
Due to the presence of steep shorelines in Northeast Florida,
21.3-m seines were deployed from the stern of a boat in a
semielliptical pattern and retrieved onto shore, sampling an
area of approximately 68 m>.

Subadult gray snapper were collected using a 183-mx2.5-
m center-bag haul seine with 38-mm stretched nylon mesh
netting that was deployed by boat, set in a rectangular shape
along the shoreline with a maximum depth of 2.5 m at the bag,
and retrieved by hand. The dimensions of the area sampled by
the net (approximately 40 mx 103 m=4,120 m?) were stan-
dardized by marking 40 m from each end of the net to
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Table 1 Summary of long-term, monthly sampling effort and overall catch and size data for gray snapper, Lutjanus griseus, in estuarine systems
along the Florida coast. Percentage occurrence (% Occur.) is the percentage of samples in which gray snapper were collected

Seine length  Estuarine system Years sampled Number of samples % Occur. Number collected ~Standard length (mm)
Mean + SE Min. Max.
213 m Apalachicola Bay 1999-2009 2,352 49 % 471 31.7+£0.8 12 98
Cedar Key 1997-2009 2,919 1.9 % 132 36.5+3.0 13 184
Tampa Bay 1996-2009 4,859 49% 598 439+14 9 228
Charlotte Harbor 1996-2009 4,585 12.2 % 1,736 489+1.0 8 232
Northeast Florida 2002-2009 2,221 4.1 % 183 47.8+3.6 11 201
Northern Indian River Lagoon 1996-2009 4,971 5.6 % 760 48.1+1.8 11 315
Totals 21,907 56% 3,880 42819 8 315
183 m Apalachicola Bay 1999-2009 2,520 25% 122 109.1£52 28 268
Cedar Key 1998-2009 2,232 3.6 % 138 1543439 41 248
Tampa Bay 1997-2009 3,115 9.4 % 1,282 155414 30 447
Charlotte Harbor 1997-2009 2,652 249 % 3,894 150.9+0.8 45 350
Northeast Florida 2002-2009 1,068 35% 60 164.8+6.1 78 239
Northern Indian River Lagoon 1997-2009 2,963 16.3 % 1,595 187.6£1.4 30 560
Southern Indian River Lagoon 1997-2009 2,388 258 % 2,184 161.3£1.0 47 346
Totals 16,938 123 % 9,275 1548428 28 560

designate the corner locations of the rectangular set. In Tampa
Bay and Charlotte Harbor, these deployments were stratified
based on the presence or absence of overhanging vegetation
(presence of overhanging vegetation was defined as >10 %
cover along the shoreline).

All gray snapper collected in each sample were identified
and enumerated, and as many as 40 randomly selected in-
dividuals per sample were measured to the nearest millimeter
standard length (SL). Location, date, time, and water depth at
the bag of the net were recorded at each sampling site.
Temperature (degrees Celsius), salinity (practical salinity
unit), and dissolved oxygen (milligrams per liter) were
recorded at the surface and at 1.0-m depth intervals and were
averaged for each sample. Habitat variables (shore type,
SAV type, and percentage SAV cover) were recorded at the
time of sampling for each net set. (Note: Northeast Florida
had very few [<20 % of samples] 21.3-m seine sites with
SAV cover present; therefore, this factor was not included in
the analyses. Percentage cover of SAV was also not mea-
sured consistently at all 183-m seine sites in Northeast
Florida or Northern Indian River Lagoon due to frequent high
turbidity.) The dominant habitat type (seagrass, marsh, over-
hang, overSAYV, structure, or other) was designated for each
sample (Table 2). If the sample was associated with a shoreline
(collected within 10 m of shore), a dominant shore type
(=60 % of the shoreline was covered with marsh vegetation,
overhanging vegetation, or structure) was included in deter-
mining dominant habitat type. Marsh vegetation included
emergent plants such as saltmarsh cordgrass and black
needlerush; overhanging vegetation included trees and shrubs

such as mangroves that provided permanent shade within 1 m
of the water surface; and structured shorelines included rip-
rap, oyster bars, and seawalls. Seagrass was incorporated into
the dominant habitat type of these shoreline-associated sites if
SAV cover was at least 25 % (overSAYV, seagrass; Table 2). If
the sample was collected >10 m from the shoreline, then
samples were considered to have a dominant habitat type of
seagrass if SAV cover was at least 25 %. If none of the above
situations applied, the dominant habitat type was designated
as “other” and included primarily shell hash and unconsoli-
dated sediment.

Table 2 Dominant habitat types defined by shore type and percentage
SAV cover at a sampling site

Distance from SAV cover Shoreline cover Dominant
shore habitat
<10 m >90 % >60 % overhanging vegetation OverSAV
Any other shore type Seagrass
25-89 % >60 % overhanging vegetation OverSAV
>60 % marsh vegetation Marsh
>60 % structured shore types ~ Structure
<60 % of any one shore type  Seagrass
<25 % >60 % overhanging vegetation Overhang
>60 % marsh vegetation Marsh
>60 % structured shore types ~ Structure
<60 % of any one shore type  Other
>10 m >25 % N/A Seagrass
<25 % N/A Other
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Analytical Methods

Total effort and catch data were summarized for all gray
snapper collected in each estuarine system. Locations at which
samples were taken, as well as locations at which gray snapper
were collected, were plotted for each system in a GIS to
delineate spatial patterns of catch and effort. In addition,
frequency histograms were constructed by gear type, length,
and month to compare variability among the estuarine systems
with respect to the timing of juvenile recruitment as well as the
duration of estuarine occupancy for juvenile and subadult gray
snapper.

Based on previous research, several environmental and
habitat metrics (predictor variables) were chosen and used in
a generalized linear model to predict gray snapper relative
abundance (response variable = number of individuals per
seine haul) for each estuary. The relative abundance of
gray snapper represents count data, the distribution of which
is bounded by zero and, therefore, often highly non-normal.
Accordingly, generalized linear models based on the Gaussian
distribution with a log transformation, the Poisson distribu-
tion, and the negative binomial distribution were fit to the
data, and residual diagnostics and goodness-of-fit statistics
were examined to determine the most appropriate model.
For all estuaries, the model based on the negative binomial
distribution was deemed the most appropriate. Based on
length—frequency distributions, separate models were devel-
oped for juvenile (<50 mm SL) gray snapper collected in 21.3-
m seines and subadult (100250 mm SL) gray snapper col-
lected in 183-m seines. Our gear did not effectively capture
individuals from 50 to 100 mm SL, and a diet shift occurs at
around 50 mm SL (Hettler 1989), indicating a possible change
in habitat use missed by our sampling regime. A subset of the
juvenile data was used to more closely examine the recruit-
ment window (July—December). Although the subadult size
range may contain a few mature individuals, these fish are still
consistently using estuarine habitats at these sizes and will be
referred to as subadults for the remainder of the paper. Year
and dominant habitat type were included as categorical vari-
ables in the model, while temperature, salinity, dissolved
oxygen, water depth, and percentage SAV cover were includ-
ed as covariates. Variables that did not significantly covary
(«=0.05) with gray snapper abundance were excluded using
backward elimination, and the analysis was repeated in a
stepwise fashion until only significant variables remained in
the model. Results are reported only for statistically significant
variables. For each estuarine system, annual least square mean
estimates (+SE) of gray snapper relative abundance were
plotted in examination of temporal variability. All analyses
were fit using the GLIMMIX procedure and SAS software
(SAS Institute 2000).

Habitat suitability analyses were conducted for variables
that were significant across several estuarine systems in
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order to determine specific patterns of habitat selection by
juvenile and subadult gray snapper (Baltz 1990). Suitability
curves allow for an examination of resource use that ac-
counts for nonuniform sampling across environmental gra-
dients and provide valuable information regarding patterns
of habitat selection. For each univariate habitat suitability
analysis, environmental data were subdivided into equal in-
tervals and interval ranges chosen to produce the smoothest
habitat suitability curve possible. For each interval or dom-
inant habitat type, habitat suitability values (S) were calcu-
lated as:

S = P(E|F)/P(E)

where P(E | F) represented the proportion of samples in
which a species occurred (F, resource use) that fell within a
specific environmental interval or dominant habitat type (E),
while P(E) represented the proportion of all samples collect-
ed, regardless of whether a given species occurred (resource
availability), which fell within the same environmental in-
terval (Baltz 1990). Suitability values for each analysis were
then standardized by dividing by the greatest observed suit-
ability so that values ranged from 0O (intolerable) to 1
(optimal). Suitability curves were constructed independently
for juvenile (July-December) and subadult (year-round)
gray snapper collected in each estuarine system.

Canonical discriminant analysis (CDA) was used to test
whether environmental conditions differed among estuaries
and between sites in which gray snapper were present or
absent. A CDA was conducted that included data from sam-
ples collected in all estuarine systems to resolve five corre-
lated environmental variables (water depth, salinity, percent-
age SAV cover, temperature, and dissolved oxygen) into
canonical variates (linear combinations of measurement vari-
ables) that have the highest possible multiple correlation
with the previously defined classes to maximally separate
the groups. Observations were weighted by the number of
gray snapper present plus one. The CDA was conducted
using the CANDISC procedure and SAS software, Wilks'
lambda (a=0.05) was used to discriminate among groups,
and the significant canonical correlations were interpreted to
describe habitat use (SAS Institute 2006). Variable loadings
and canonical variates were calculated independently for
each site. Mean environmental conditions sampled were
calculated by averaging all canonical variates in each estua-
rine system by presence or absence of gray snapper. Mean
canonical variates (+standard error) were then plotted in two-
dimensional space to compare differences between environ-
mental conditions occupied or unoccupied by juvenile (July—
December) and subadult (year-round) gray snapper for each
respective estuarine system.
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Results

From 1996 to 2009, a total 0f 21,907 21.3-m seine and 16,938
183-m seine samples were collected in six estuarine systems
along the Florida coast; of these samples, 5.6 and 12.3 %,
respectively, contained gray snapper (Table 1). In total, 3,880
and 9,275 gray snapper were collected during 21.3-m and
183-m seine sampling, respectively. Gray snapper were most
frequently collected in Charlotte Harbor, where they occurred
in more than 12 % of the 21.3-m seine samples and 25 % of
the 183-m seine samples, and in the Southern Indian River
Lagoon, where they occurred in 26 % of the 183-m seine
samples (Table 1). Gray snapper were rarely collected in
Cedar Key and Northeast Florida (Table 1; Figs. 1 and 2). In
the semienclosed estuarine systems of Tampa Bay and
Charlotte Harbor, more individuals were collected in the
polyhaline regions of the estuary near the mouth than in the
upper estuary (Fig. 1), and in the Indian River Lagoon, there
was a noticeable increase in catches in the southern portion of
that estuarine system (Table 1; Fig. 2). Gray snapper collected
with the 21.3-m seine ranged from 8 to 315 mm SL (Table 1),
although 72 % of individuals were smaller than 50 mm SL
(2,785 of 3,880; Fig. 3). Gray snapper collected with the 183-
m seine ranged from 28 to 560 mm SL, although the average
length was approximately 155 mm SL (Table 1), and most
individuals were larger than 100 mm SL in the southern
estuaries (Fig. 3). In contrast, the majority of individuals
collected with the 183-m seine in the northern estuaries
(Apalachicola Bay, Cedar Key, and Northeast Florida) were
smaller, on average (Fig. 3). Juvenile gray snapper were most
abundant from July through December, although in some
cases, they were present year-round, especially in the south-
ernmost estuaries. Subadult gray snapper were collected year-
round in Charlotte Harbor and both regions of the Indian River
Lagoon, with decreased numbers from January through May
(Fig. 4). Gray snapper of all sizes were noticeably absent or
reduced in number from collections in the northern estuaries
during the same period (Fig. 4).

Results from generalized linear modeling analyses indicat-
ed that for most estuarine systems, the relative abundance of
juvenile gray snapper strongly covaried with temperature and
percentage SAV cover (Table 3). The relative abundance of
juvenile gray snapper covaried significantly with salinity in
Apalachicola Bay, Tampa Bay, and the Northern Indian River
Lagoon, with dissolved oxygen in Charlotte Harbor and
Northeast Florida, and with water depth in the east coast
estuaries. Significant interannual variability in the relative
abundance of juvenile gray snapper was evident for all estu-
arine systems, although year was not significant in the model
for Northeast Florida (Table 3). Observed interannual variabil-
ity in juvenile recruitment was not universally concordant
among estuaries, but relatively strong year classes were evi-
dent in 1999, 2001, 2004, and 2006 on the Gulf coast and in

1999 and 2005 on the Atlantic coast (Fig. 5). The relative
abundance of juvenile gray snapper for all estuaries was
influenced by dominant habitat type (Table 3); in the southern
estuaries, juveniles most frequently occurred in habitats with a
combination of overhanging and seagrass habitat or just
seagrass habitat, and in northern estuaries, juveniles preferred
seagrass habitats when it was available. Marsh habitats were
also highly suitable in northern estuaries (Fig. 6).

With respect to subadult gray snapper, relative abundance
was significantly associated with temperature and, in most
cases, percentage SAV cover (Table 4). The relative abun-
dance of subadult gray snapper was significantly associated
with water depth in the southern estuaries (Tampa Bay,
Charlotte Harbor, and both regions of the Indian River
Lagoon), with salinity in Cedar Key and the Indian River
Lagoon (NIR and SIR), and with dissolved oxygen in Tampa
Bay and the Northern Indian River Lagoon. Significant
interannual variability in the relative abundance of subadult
gray snapper was also evident for all estuarine systems, and
although similar to the juvenile data, year was not significant
in the model for Northeast Florida (Table 4). Years of rela-
tively high juvenile recruitment were followed by peaks in
subadult abundance in 2002 and 2007 in some Gulf coast
estuaries and increases in abundance through 2008 in
Northeast Florida (Fig. 5). Other high recruitment years,
however, were not followed by peaks in subadult abundance
(from 1999 to 2000 on the Gulf coast, for example). The
relative abundance of subadult gray snapper in Charlotte
Harbor and both regions of the Indian River Lagoon were
associated with habitat type; subadults occurred in all habitat
types, but the combination of overhanging and seagrass
habitat was most suitable in Charlotte Harbor and both re-
gions of the Indian River Lagoon. In the Northern Indian
River Lagoon and Tampa Bay, subadults were evenly dis-
tributed across most habitat types (Table 4, Fig. 6). Marsh
and seagrass habitats were most suitable in northern estuar-
ies, where there was no overhanging habitat.

Habitat suitability analyses of covariates (temperature,
salinity, and percentage SAV cover) found to significantly
influence the relative abundance of gray snapper identified
clear patterns of resource use and selection that were gener-
ally consistent across estuarine systems (Figs. 7, 8 and 9).
Warm temperatures (26-34 °C) were the most suitable for
gray snapper (Fig. 7); no juvenile gray snapper were collect-
ed at temperatures less than 14 °C and no subadults at
temperatures less than 10 °C (Fig. 7). In general, higher
salinity was more suitable for gray snapper than was low
salinity, but suitability varied by estuary (Fig. 8). In northern
estuaries, juveniles occurred with similar frequency across
low and high salinity, but in southern estuaries, juveniles
occurred most often in highly saline waters (usually >14
psu). Subadults followed a similar pattern of salinity occur-
rence, with the exception of Northeast Florida. Very few
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Fig. 3 Length frequency 250
distributions by gear for gray 200+
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systems along Florida's Gulf
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subadults were collected in Northeast Florida (n=53), and
salinity was not a significant factor in the generalized linear
modeling, so the high suitability of oligohaline conditions
(26 psu) may not hold true with a larger sample size.
Generally, gray snapper also occurred in sites with greater
than 50 % SAV cover (Fig. 9). This pattern was more vari-
able in the northern estuaries but held true in the southern
estuaries.

Mean environmental conditions differed significantly be-
tween sites based on the presence and absence of gray snapper
as well as among estuaries for both juvenile and subadult gray
snapper (Wilks' lambda, F=113.7, p<0.0001 and F=193.2,
p<0.0001, respectively). With respect to juvenile gray snap-
per, the CDA of combined environmental data from all estu-
aries identified five significant canonical variates (p<0.0001),
although the first two variates together explained 90.9 % of
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total variability. The first canonical variate was generally a
positive measure of temperature (0.400) and percentage SAV
cover (0.950; Fig. 10a). The second variate had positive
loadings for salinity (0.592) and water depth (0.426) and
negative loadings for dissolved oxygen (—0.692; Fig. 10a).
The CDA for subadult sampling also identified five significant
canonical variates (»p<0.0001), and the first two variates to-
gether explained 85.6 % of total variability. The first canonical
variate was generally a positive measure of temperature
(0.667), percentage SAV cover (0.860), and salinity (0.505;
Fig. 10b). The second variate had positive loadings for water
depth (0.910) and negative loadings for dissolved oxygen
(=0.390; Fig. 10Db).

Mean estuary-specific canonical variates for samples col-
lected with and without gray snapper identified clear differ-
ences in environmental conditions sampled in all estuarine
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systems (Fig. 10). Regardless of whether gray snapper were
present, northern estuaries (Apalachicola Bay, Cedar Key,
and Northeast Florida) were typically cooler than southern
estuaries (Tampa Bay, Charlotte Harbor, and the Indian River
Lagoon), reflecting latitudinal differences in solar input.
Sites sampled in the northern estuaries also had lower salin-
ity and less SAV cover than did the southern estuaries, and
sampling sites in Cedar Key and Northeast Florida were
generally deeper than those sampled in the remaining estu-
aries. Mean estuary-specific canonical variates for samples
that contained gray snapper indicated that mean environmen-
tal conditions of habitat occupied by gray snapper differed
significantly from mean conditions sampled in unoccupied
habitat for all estuarine systems. Juvenile gray snapper oc-
cupied warmer and deeper sites with higher salinity and
higher SAV cover than were measured in unoccupied

Y enannlll

8 9 10 11 12

I 21.3-m seines

Month [ 183-m seines

habitats (Fig. 10a). Similarly, subadult gray snapper occu-
pied warmer and deeper sites with higher salinity and higher
SAV cover than in unoccupied habitats, although these
trends were not as pronounced in Cedar Key and Northeast
Florida (Fig. 10b).

Discussion

Long-term, broad-scale habitat selection patterns of gray
snapper over a wide geographic region were described in
this study; this type of detailed information is critical for
effective population assessments of estuarine-dependent spe-
cies. Earlier studies describing the habitat use of gray snap-
per have generally been of limited scope, either focusing on
particular habitats (Thayer et al. 1987; Valentine-Rose et al.
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not included in the model)

numerator degrees of freedom, Ddf = denominator degrees of freedom, N/A =

Table 3 Results of generalized linear modeling analyses of the effect of year and several habitat and physiochemical metrics on the catch per unit effort (individuals per 21.3-m seine haul) of juvenile
gray snapper (Lutjanus griseus; <50 mm SL, July—December) in estuarine systems along the Florida coast. Model variables that were eliminated from the final model via an iterative stepwise process

are identified as nonsignificant (—) (Ndf
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NIR

NE

CH

TB

CK

AB

(Ddf=1,381) (Ddf=2,378) (Ddf=2,244) (Ddf=1,082) (Ddf=2,445)

(Ddf=1,146)

Ndf

Model variable

<0.0001

3.61
5.16
10.25
15.69

0.0627
0.0004

N/A

1.92
7.91

N/A

<0.0001
<0.0001
<0.0001

9.04
6.76

<0.0001
25.58

4.56
2.56

22.27

0.0035
<0.0001

2.46
19.39

0.0005
0.0012
<0.0001

3.19
5.30
18.09

Year

0.0004
0.0014
<0.0001

0.0367
<0.0001

Habitat type
SAV cover

0.0014

10.2

Water depth
Salinity

0.0056
0.0007

0.0008
0.0001

11.28
15.14

0.0261
<0.0001

4.96
38.14

11.58

<0.0001

37.83

0.005

7.89

Temperature

<0.0001

33.29

0.002

58

9.

1

Dissolved oxygen

#Ndf for year and habitat type varied among estuaries because sampling periods and available habitat varied

2007; Faunce and Serafy 2008) and specific size classes
(Rutherford et al. 1989b; Chester and Thayer 1990), or
encompassing limited temporal (2006-2007; Patterson
et al. 2009) or spatial coverage (Charlotte Harbor: Whaley
et al. 2007; southeastern Florida: Serafy et al. 1997; Faunce
et al. 2002; Faunce and Serafy 2007; Serafy et al. 2007;
Florida Keys: Eggleston et al. 2004; Bartels and Ferguson
2006; Campeche Bank: Carri6 et al. 2004; various Caribbean
islands: Nagelkerken et al. 2000; Cocheret de la Moriniére
etal. 2002; Rypel and Layman 2008). The results of this study
provide a comprehensive view of estuarine habitat use by gray
snapper across an expanded spatial and temporal range.

Although gray snapper were collected in all Florida estu-
arine habitats sampled during this study, the timing and
duration of estuarine occupancy varied latitudinally, with
an expanded recruitment window and continuous subadult
occupancy in more southerly estuaries. Gray snapper oc-
curred most often in the warmer temperatures (i.e., generally
>18 °C) common in the southern estuaries (Charlotte Harbor
and the Southern Indian River Lagoon). Juvenile gray snap-
per recruited from July through December, although they
were present year-round in some southern estuaries. The
observed differences in timing of settlement may indicate
regional differences in the timing of spawning; spawning by
gray snapper in Florida is generally most frequent during
warm summer months (Starck and Schroeder 1971; Domeier
et al. 1996), although Allman and Grimes (2002), using
back-calculated fertilization dates, found that some juvenile
gray snapper from southern estuaries originated from winter
spawning. Subadult gray snapper were noticeably absent
from or reduced in number in collections from the northern
estuaries from January through May; although gray snapper
were collected year-round in Tampa Bay, Charlotte Harbor,
and throughout the Indian River Lagoon, abundance de-
clined markedly during the same time period. It is difficult
to ascertain whether these patterns reflect a suitable temper-
ature range or factors (e.g., timing of spawning, occurrence
of seagrass, and mangrove habitat) that correlate strongly
with temperature.

Gray snapper also exhibited differences in size among
estuaries of varying latitude. The mean size of juvenile gray
snapper increased with decreasing latitude, and similarly,
several studies have revealed a positive correlation between
juvenile growth and temperature (Denit and Sponaugle
2004c; Wuenschel et al. 2004). In the estuaries sampled,
the mean size of subadult gray snapper did not exhibit the
same trend, although subadults were noticeably absent from
the northern estuaries. The recruitment pulse happens earlier
in northern estuaries and is markedly different from the
protracted recruitment typical of the southern estuaries.
Larger individuals of a cohort are more successful in surviv-
ing extended periods of cold temperatures than smaller in-
dividuals (Sogard 1997), so the early recruitment and lack of
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Fig. 5 Annual least square
means (+SE) of the abundance
of juvenile (<50 mm SL;
July—December) and subadult
(100-250 mm SL; all months)
gray snapper within estuarine
systems along the Florida Gulf
and Atlantic coasts as estimated
via generalized linear modeling
analyses
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subadults in the northern estuaries may be evidence of  rapid growth rates during the reduced time in which high
overwintering mortality, emigration from the estuary, or  temperatures occur (Conover and Present 1990). Adult gray

@ Springer



218

Estuaries and Coasts (2014) 37:206-228

Fig. 6 Habitat suitability
analyses for juvenile (<50 mm
SL; July—December) and
subadult (100-250 mm SL)
gray snapper collected within
different dominant habitat
types during monthly stratified
random sampling effort using
a21.3-m haul seine and a 183-m
haul seine, respectively, within
estuarine systems along the
Florida coast. For each estuarine
system, the left panel
summarizes the relative
frequency of the total number
of samples collected with
21.3-m seines (black bars),

the number of samples collected
that contained juvenile gray
snapper (white bars), and the
results of habitat suitability
analyses; the right panel
summarizes the same values for
samples collected by 183-m
seines and those that contained
subadult gray snapper. For each
plot, the scale on the lefi Y-axis
refers to values for relative
frequency and the scale on the
right Y-axis refers to values for
standardized suitability (gray
dots). NS dominant habitat type
was not significant in the GLM
model
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Table 4 Results of generalized linear modeling analyses of the effect of year and several habitat and physiochemical metrics on the catch per unit effort (individuals per 183-m seine haul) of subadult
gray snapper (Lutjanus griseus; 100250 mm SL) in estuarine systems along the Florida coast. Model variables that were eliminated from the final model via an iterative stepwise process are identified

as nonsignificant (—) (Ndf

denominator degrees of freedom, N/A = not included in the model)

numerator degrees of freedom, Ddf =

SIR

NIR

NE

CH

TB

CK

AB

(Ddf=2,216)

(Ddf=2,603) (Ddf=2,507) (Ddf=1,059) (Ddf=2,915)

(Ddf=2,218)

(DAf=2,414)

Ndf

Model variable

0.0001
0.0398
<0.0001

3.26

2.51
18.04

44.14

0.0055
0.0137

N/A

<0.0001 1.17 0.3156 2.34
2.
N/A

<0.0001

9.07
7.01
5.51

<0.0001
47.61

0.0078 2.76 0.0015 10.1

2.4

Year

87

Habitat type
SAV cover

N/A N/A

0.0189
<0.0001

<0.0001
<0.0001

36.33

0.0042

8.21

<0.0001

<0.0001

16.43
59.96

126.26

31.94

Water depth
Salinity

0.004
<0.0001

8.29
90.44

<0.0001

<.0001
<.0001

16.01

<0.0001

<0.0001 34.14 98.27 <0.0001 215.37 <0.0001 8.67 0.0033
4.

26.41

1
1

Temperature

0.0451

4.02

0.0409

18

Dissolved oxygen

#Ndf for year and habitat type varied among estuaries because sampling periods and available habitat varied

snapper collected from offshore waters exhibit growth rates
that differ latitudinally along both coasts of Florida (Burton
2001; Allman and Goetz 2009). In these studies, individuals
from northern Florida were found to reach a greater maxi-
mum size and age than those from southern Florida. In the
southern regions, the size-selective mortality that results
from increased fishing pressure may also account for the
lack of larger, older fish and for the selection of more
slowly growing individuals. Increased fishing can decrease
intraspecific competition for prey, resulting in increased
growth rates, but it also results in selective removal of
the largest fish influencing observed growth patterns
(Kritzer 2002). A combination of differential recruitment,
survival, growth, mortality, and fishing pressure likely in-
fluences the latitudinal differences in the size of gray
snapper in these estuaries.

Our findings indicate that both juvenile and subadult gray
snapper use estuarine areas with a high percentage of SAV
cover. This trend was evident across most estuarine systems
and holds true despite latitudinal differences in seagrass
production (Phillips 1960; Dawes et al. 2004; Handley
et al. 2007). These results were supported by a study that
utilized similar fishery-independent data collected in several
Gulf estuaries, where for over a 2-year period, it was found
that presence of seagrass habitat was the single most impor-
tant factor in predicting the presence of age 0 gray snapper
(Patterson et al. 2009). Seagrass beds are known to serve as
refuge and feeding habitat for various species of nekton. In
addition, seagrass bed architecture, species composition,
location, and water quality can all affect the value of seagrass
as habitat (Bell et al. 1987, 1988; Robbins and Bell 1994;
Raposa and Oviatt 2000; Jelbart et al. 2007; Flaherty et al.
2010). Increasing seagrass canopy cover can indicate greater
protection for fish from predators in these environments and
has been positively correlated with juvenile gray snapper
abundance in Tampa Bay (Orth et al. 1984; Flaherty and
Matheson 2008). Seagrass leaf density varies seasonally,
however, so other characteristics may be important in deter-
mining juvenile fish density. For example, in some estuaries,
juvenile abundance may be more related to the location of
the seagrass bed in relation to sources of larvae than with the
architecture of the bed (Bell et al. 1988). Seagrass species
composition has also been shown to influence habitat selec-
tivity by juvenile gray snapper (Chester and Thayer 1990;
Bartels and Ferguson 2006). Flaherty and Matheson (2008)
did not find a relationship between seagrass type and juve-
nile gray snapper abundance in Tampa Bay, even though
gray snapper juveniles were more abundant in polyhaline
portions of the bay characterized with higher proportions of
turtle grass. By examining data collected in multiple estua-
rine systems at sites with differing habitat types and SAV
cover, this study builds upon previous work by characteriz-
ing overall patterns of habitat selection (Baltz 1990).
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Fig. 7 Habitat suitability
analyses along a temperature
gradient for juvenile (<50 mm
SL; July—December) and
subadult (100250 mm SL)
gray snapper collected in
monthly stratified random
sampling effort using a 21.3-m
haul seine and a 183-m haul
seine, respectively, within
estuarine systems along the
Florida coast. For each estuarine
system, the left panel
summarizes the relative
frequency of the total number of
samples collected with 21.3-m
seines (black bars), the number
of samples collected that
contained juvenile gray snapper
(white bars), and the results of
habitat suitability analyses; the
right panel summarizes the
same values for samples
collected by 183-m seines and
those that contained subadult
gray snapper. For each plot, the
scale on the left Y-axis refers to
values for relative frequency
and the scale on the right Y-axis
refers to values for standardized
suitability (black line). NS
temperature was not significant
in the GLM model
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Fig. 8 Habitat suitability
analyses along a salinity
gradient for juvenile (<50 mm
SL; July—December) and
subadult (100250 mm SL)
gray snapper collected in
monthly stratified random
sampling effort using a 21.3-m
haul seine and a 183-m haul
seine, respectively, within
estuarine systems along the
Florida coast. The description
of these plots is the same as
described in the caption for
Fig. 7. NS salinity was not
significant in the GLM mode
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Fig. 9 Habitat suitability
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In addition to SAYV, results from our analyses indicated that
the structure provided by overhanging vegetation was impor-
tant for gray snapper. Nekton are generally thought to select
structured habitats (e.g., SAV, mangrove, and hard bottom)
because they provide food and refuge, although unraveling the
relative importance of various structured habitats is often
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difficult. The use of seagrass habitat by juvenile gray snapper
has been well documented, although prior studies were gen-
erally conducted exclusively in polyhaline seagrass beds and
did not explicitly examine the relative importance of different
habitat types (Chester and Thayer 1990; Bartels and Ferguson
2006). In areas in which other structured habitats were readily



Estuaries and Coasts (2014) 37:206-228

223

Fig. 10 Mean canonical 1.5 -
variates (+standard error) for a Juvenile gray snapper
sites in each estuarine system
occupied (gray snapper present; 1.0 1 CH B
open circles) and not occupied AB o+ NIR —o—
(gray snapper absent; filled é o
circles) by juvenile (a <50 mm o 05+
SL, July through December) 'g NIR
and subadult (b 100250 mm g t@ ICK
SL) gray snapper in two- £ 0.0+ H®HCH .
dimensional canonical space. '; Py
Note differences in scale P AB
-0.5 4 o
CK
I-.-lNE
-1.0 A O
i_r\l.E_{ @® Absent
-— O Present
— _1 5 T T T T T
8 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
c Depth, Salinity
8 Dissolved oxygen
©
O b Subadult gray snapper
1.0 4 CH B
HH o)
>
£ 05 AB NIR
: £ %
s NIR SIR
3 CHi® HH
© | 0.0 "]
‘é B
e * C§KSI5 NE
> [-0.5 4
é v 2
CK L]
-1.0 A
@® Absent
O Present
'1 5 T T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 06 0.8 1.0 1.2
Depth
Dissolved oxygen
Canonical 2

available (mangrove and structured shorelines in the southern
estuaries and marsh shorelines in the northern estuaries), gray
snapper appeared to exhibit an ontogenetic shift in the relative
importance of various habitat types. In our study, juvenile gray
snapper were markedly more abundant in habitats containing
seagrass (seagrass, overSAV) over those containing solely
structured shorelines, whereas subadult gray snapper were
somewhat indiscriminate across available structured habitats.
Similarly, Faunce and Serafy (2007) demonstrated that juve-
nile gray snapper occupied seagrass, while subadults occupied
mangrove shorelines year-round and inland mangroves during
the dry season and mangrove shorelines closest to the reef
tract were used at much greater levels than their availability
would suggest (Faunce and Serafy 2008). Documented onto-
genetic shifts may reflect a decreasing suitability of seagrass

habitats as refuge for larger fish or, possibly, an increase in
mobility with growth. It is not clear at what point gray snap-
per's habitat use patterns change; in our study, we captured
relatively few gray snapper from 50 to 100 mm SL, although
recent sampling of deeper seagrass beds using otter trawls
suggests that these sizes of gray snapper still utilize SAV
habitat (Switzer et al. 2011). In an extensive review, Heck
et al. (2003) concluded that, compared with other structured
habitats, seagrass meadows were not correlated with greater
abundance, growth, or survival of nekton. Other studies, how-
ever, have found that nekton habitat use was greater in
seagrass habitats than in marsh edges and mangrove shore-
lines (Bloomfield and Gillanders 2005; Rozas et al. 2012), but
these responses differ depending on season, prey availability,
and life history stage (Yanez-Arancibia et al. 1993; Verweij
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etal. 2006; Faunce and Serafy 2007). In an experimental study
of habitat use (Verweij et al. 2006), herbivorous and diurnally
active zoobenthivorous reef fish were attracted to mangroves
and seagrass beds by food availability, but nocturnal
zoobenthivores were attracted to structure (i.e., shade) for
predator avoidance. Nagelkerken et al. (2000) found that gray
snapper of all sizes used mangrove shorelines in contrast to
other reef-associated species that migrated permanently to
deeper reefs when they reach a specific size. Nevertheless,
within the current study, identifying the relative importance of
shoreline versus benthic habitat proved problematic because
both juvenile and subadult gray snapper selected sites in
which both overhanging shorelines and seagrass were present.
Further study on the complexity of habitat use by gray snapper
is needed to document the effects of habitat fragmentation,
proximity of alternate habitats, and edge effects.

Juvenile and subadult gray snapper generally occupied
euhaline and, to a lesser extent, polyhaline environments.
This trend was most evident in southern estuaries in which
there were saltier environments with a greater degree of SAV
cover, while in the northern estuaries, habitat use was more
variable. In this study, juveniles were collected in a broader
range of salinity than subadults. Juvenile gray snapper have a
wide tolerance for salinity and usually occur in intermediate
salinity (Wuenschel et al. 2004; Serrano 2008), but growth
efficiency has been positively correlated with salinity
(Wuenschel et al. 2004). In some cases, juvenile preference
for high-salinity habitats may simply be related to where
larvae settle out in close proximity to inlets or by movement
due to estuarine currents, but patterns of subadult distribu-
tion are likely driven more by active habitat selection. In
addition to occupying high-salinity habitats, subadults have
also been collected in tidally influenced rivers not sampled in
this study and in portions of upper Tampa Bay during hook-
and-line studies (FWRI, unpublished data). Physiologically,
subadult gray snapper can withstand a broad salinity range
(Serrano 2008), so greater catches of gray snapper observed
in the lower polyhaline regions of some estuaries (Tampa
Bay and Charlotte Harbor) may be more strongly associated
with the increasing SAV cover, deeper channels, and close
proximity to offshore spawning sites common to those areas
(Luo et al. 2009). A combination of increasing SAV, optimal
temperature and salinity ranges, and close proximity to inlets
or channels leading to offshore habitats all likely contribute
to the observed distribution of gray snapper.

Observed differences in depths occupied by gray snapper
likely reflect an ontogenetic shift in habitat preference.
Juvenile gray snapper were found more often in slightly
deeper areas, in contrast to previous studies, which indicate
that juveniles are present in shallow areas with a higher
proportion of seagrass habitat (Nagelkerken et al. 2000;
Cocheret de la Morinicre et al. 2002; Whaley et al. 2007,
Faunce and Serafy 2008). This result may not be a strong
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indication of habitat selectivity, since sites sampled by the
21.3-m seine do not vary significantly in water depth (range:
0.3-1.5 m), and depth was only marginally associated with
the second canonical variate (0.426) that explained a small
portion of the variability (8.1 %). Subadult gray snapper
showed a stronger affinity for deepwater habitat, especially
in the southern estuaries, possibly demonstrating migration
from seagrass and mangrove estuarine habitats to deeper
structure as the fish grow. Another possibility is a diel mi-
gration of subadults that our restricted daytime sampling did
not detect; Luo et al. (2009) demonstrated that gray snapper
move from mangrove shoreline and deepwater areas during
the day to more productive seagrass beds at night for feeding.
The smaller numbers of subadults collected in northern es-
tuaries may be related to movement into deeper water or into
undersampled structured habitats; the gear types used in this
study were constrained by depth (21.3-m seines<1.8 m, 183-
m seines < 2.5 m) and could not be used in areas with
obstructions (e.g., artificial reefs and natural hard bottom).
In the case of the northern estuaries, juvenile survival may be
reduced, or subadult gray snapper may leave the estuary,
resulting in decreased abundance throughout the year.
Movement into deeper water as gray snapper mature would
reinforce previous findings on their life history and juvenile
migration patterns (Nagelkerken et al. 2000; Cocheret de la
Moriniere et al. 2002; Denit and Sponaugle 2004b), since
adult gray snapper are most often found in deeper channels
and farther offshore, associated with hard bottom (Starck and
Schroeder 1971). Gray snapper adults staging for migrations
offshore during the spawning season have also been found to
use estuarine passes close to the ocean (Luo et al. 2009).
Although several years of relatively high recruitment
were evident among multiple estuarine systems, we did not
detect strong spatial concordance in the relative strength of
juvenile recruitment. While the Florida Gulf and Atlantic
stocks differ genetically, they do not differ significantly
between areas along each coast (Gold et al. 2009), so con-
cordant coast-specific abundance patterns would be expected
in years of similar environmental conditions. In the present
study, there were a few cases in which a high recruitment
year translated into peaks in subadult abundance, but a clear
pattern was not evident across systems. Gray snapper have
not been observed in large site-specific spawning aggrega-
tions, although it has been well documented that gray snap-
per occur in dense schools year-round and that large numbers
of adults migrate offshore during the spawning season
(Domeier et al. 1996; Domeier and Colin 1997). Because
of this diffuse spawning pattern, concordance in recruitment
strength across several estuaries would not be due to one
particular spawning site but to favorable postsettlement con-
ditions in that year. For example, several estuaries showed
increased recruitment in 1999, possibly in response to de-
creased precipitation as a result of La Nifa conditions



Estuaries and Coasts (2014) 37:206-228

225

(Abtew and Trimble 2010), which expanded the area
exhibiting euhaline and polyhaline conditions suitable for
gray snapper recruitment. In 2001, Florida was undergoing a
major drought (Abtew et al. 2002), which also may have
enhanced the survival of juveniles on the Gulf Coast.
Similarly, Rutherford et al. (1989a) demonstrated an inverse
relationship between gray snapper recruitment and water
levels (indicative of rainfall) in Florida Bay. In 2005, the
impacts of a major red tide event on fish populations in
Tampa Bay and Sarasota Bay (Gannon et al. 2009; Flaherty
and Landsberg 2011) may help explain the low recruitment
in southwest Florida that year. The influence of red tide has
been found to be species-specific (Flaherty and Landsberg
2011), however, so a more detailed investigation into the
response of gray snapper to red tides is needed. The concor-
dant juvenile peaks in abundance in 2005 (Atlantic) and
2006 (Gulf) did not relate directly to the large-scale environ-
mental trends mentioned above, but a combination of other
factors such as wind- and buoyancy-driven flow or changes
in prevailing currents feeding individual estuaries may have
contributed to the survival of a large recruitment class during
these years (Epifanio and Garvine 2001). Continuing to
collect these monitoring data over a large area is essential
to the tracking of population trends over time and to increase
our understanding of the correlation and interaction of vari-
ous habitat and environmental factors with gray snapper
recruitment and development within the estuary.

Although the relationship between juvenile and subadult
abundance is variable, this does not necessarily rule out the
use of juvenile peaks in forecasting recruitment into the
offshore adult population. The inconsistency of correlations
between juvenile and subadult abundance may be partially
due to the limitations inherent in using traditional nets to
sample structured habitats (e.g., bridges, limestone rock out-
crops, and natural and artificial reefs). These structured hab-
itats in the estuary and nearshore coastal areas have been
under-represented in fishery-independent monitoring; thus,
there is little long-term information on the relative impor-
tance of these habitats to reef species. In future studies, these
habitats should be targeted for sampling to further elucidate
the ontogeny of gray snapper. Information on the estuarine
and nearshore occupancy of larger subadults and adults
(legal-size fish) that are associated with these habitats will
fill this gap in knowledge, improve indices of abundance,
and add to our overall understanding of habitat use in gray
snapper. The accurate estimation and prediction of juvenile
recruitment into the offshore population is critical for effec-
tive assessment and management (Smith 1993; Koenig and
Coleman 1998; Coleman et al. 1999).

In this study, we have determined where and when gray
snapper recruit to several Florida estuarine systems and have
identified specific patterns of habitat selection by estuary and
size class. The timing of recruitment reported in this study

complements findings of studies on larval ingress (Tzeng et al.
2003), reproductive activity (Domeier et al. 1996; Allman and
Grimes 2002), and juvenile habitat use (Nagelkerken et al.
2000; Cocheret de la Moriniére et al. 2002; Faunce and
Serafy 2007). In future work, better understanding of the
complexity of habitat use and the function of nursery habitats
should be explored. Additional dietary studies will build on
previous work (Franks and VanderKooy 2000; Cocheret de la
Moriniére et al. 2003), help identify why each habitat is im-
portant and, possibly, add insight into differential growth rates.
Otolith microchemistry has been used to link juvenile gray
snapper to particular nursery habitats (Allman and Grimes
2002; Lara et al. 2008; Patterson et al. 2009) and can be used
to determine the source of adults that survive to join the
offshore population. These additional methods, in conjunction
with the findings in this study, will aid in determining which
estuarine habitats or regions are essential to the long-term
health of the population.
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