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Abstract
Recruitment success for juvenile fishes that take part in seasonal migrations may be dependent on the environmental conditions
during the first winter of life. Juvenile bluefish (Pomatomus saltatrix) in the USA migrate from mid-Atlantic waters during the
fall to overwinter in the coastal ocean of Florida and return again in the spring. Little is known regarding the recruitment
dynamics and feeding ecology of juvenile bluefish at the southern edge of the species US range, particularly during winter.
We examined the cohort structure, feeding habits, and lipid content of juvenile bluefish during late fall and winter in the northern
Florida coastal ocean. We found that three juvenile bluefish cohorts migrated to the area at distinct temporal and spatial intervals.
Abundance of juvenile bluefish was greatest during January and was dominated by the summer-spawned cohort. We first
collected fall-spawned fish in January, and this was the only cohort collected by March, indicating the possibility of local
spawning from a resident bluefish population. Stomach content analysis revealed that all three juvenile bluefish cohorts used
the northern Florida coastal ocean to forage during the winter, and striped anchovy (Anchoa hepsetus) was the primary prey.
Feeding intensity of juvenile bluefish was greatest in December and January, and their lipid content increased throughout the
winter. Juvenile bluefish recruited to the coastal shelf waters of northern Florida, where the region provided this popular sportfish
with distinct overwintering resources.
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Introduction

Recruitment in fishes, defined here as the survival of a cohort
through the first year of life, can be highly variable but is often
positively correlated with overwinter survival rates (Hurst
2007). Overwinter survival and ultimately recruitment poten-
tial is partially dependent on habitat quality and prey availabil-
ity (Griffiths and Kirkwood 1995; Graeb et al. 2004;
Hoxmeier et al. 2004). Quality nursery habitat promotes rapid
growth in juvenile fish and offers protection against predation
(Ross 2003). Natural mortality is the primary source of mor-
tality during the juvenile stage of most fishes and is, in part,
habitat-dependent (Houde 1987). Consequently, successful

recruitment in many commercially and recreationally impor-
tant fishes is largely affected by the quality and quantity of
nursery habitat (Juanes 2007). This point is underscored by
the Magnuson Fisheries Conservation and Management Act,
which lists provisions that address the need for proper identi-
fication and protection of essential fish habitat (EFH) and the
National Marine Fisheries Service (NMFS) recently imple-
mented the EFH Initiative to define important fish habitats
in an effort to improve habitat assessments in fisheries man-
agement plans (Rosenberg et al. 2000).

Recruitment success for marine species that produce a sin-
gle cohort of juveniles per year may be vulnerable to stochas-
tic environmental events, thus increasing annual recruitment
variability (Munch and Conover 2000). Reproductive behav-
ior that produces multiple juvenile cohorts may dampen re-
cruitment variability whereby a single catastrophic biological
or environmental event does not destroy an entire year class
and likely contributes to high juvenile survival (Potts and
Wootton 1984; Secor 2007). Multiple spawning events within
a yearly reproductive cycle have been observed in a variety of
fishes including bluefish (Kneib 1993; Lambert and Ware
1984; Munch and Conover 2000).
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Along the US coast, bluefish occur seasonally in the
Atlantic Ocean from Maine to Florida (Kendall and Walford
1979) and migrate in loosely aggregated schools (Olla and
Studholme 1972); migration timing appears to be regulated
primarily by water temperature (Hare and Cowen 1996). In
fall, concurrent with decreasing water temperatures, bluefish
emigrate frommiddle Atlantic estuaries and coastal waters and
begin a southerly migration to overwinter in the warmer waters
of the South Atlantic Bight (SAB) (Buckel et al. 1999; Munch
and Conover 2000). Much of the research regarding juvenile
bluefish ecology has focused on the Middle Atlantic Bight
(MAB) and northern SAB during spring, summer, and fall
while the southern SAB has received relatively little attention.

Although the exact temporal and spatial patterns of bluefish
spawning remain uncertain, at least two cohorts (Kendall and
Walford 1979) of juveniles are produced from spawning over
the continental shelf (Hare and Cowen 1996). A spring-
spawned cohort is produced by bluefish spawning (March–
May) in the SAB from Cape Hatteras, North Carolina to Cape
Canaveral, Florida and a summer-spawned cohort originates
from spawning (June–August) along the MAB from Cape
Hatteras to Cape Cod, Massachusetts (McBride and Conover
1991). Evidence of fall spawning has also been observed in
SAB waters after the southern migration (Kendall and
Walford, 1979; Collins and Stender, 1987).

The contribution of the bluefish cohorts to the western
Atlantic population has varied over the last several decades
(Conover et al. 2003; Juanes et al. 1996; Taylor et al. 2007).
The relative abundance of spring- and summer-spawned co-
horts was nearly equal throughout the 1950s (Lassiter 1962).
From the mid-1970s to the mid-1990s, spring-spawned blue-
fish dominated the cohort demographics of fish in the MAB
(Munch and Conover 2000), but for reasons uncertain, an
apparent shift in recruitment has favored the summer-
spawned cohort since the mid-1990s (Conover et al. 2003;
Wuenschel et al. 2012). The differential contribution of the
bluefish cohorts to the adult population may be partially ex-
plained by the differential habitat use between spring- and
summer-spawned fish. Juvenile bluefish have exhibited estu-
arine dependency prior to the autumn migration (Able et al.
2003; Chiarella and Conover 1990; Juanes et al. 1996).
However, summer-spawned bluefish may never enter estuar-
ies, rather remaining in the coastal ocean zone during their
first summer and fall (Kendall and Walford 1979), and this
habitat partitioning between the cohorts has occurred in the
MAB (Able et al. 2003; Gartland et al. 2006; Morley et al.
2007). The importance of inner continental shelf waters to
bluefish during winter requires attention to achieve a more
complete recruitment index.

The southern Atlantic coastal ocean zone of Florida may be
an underrepresented area of potential bluefish recruitment es-
pecially during winter. The Florida Current produces a steep
latitudinal thermal gradient, and the absence of the Florida

Current on the Gulf coast results in warm winter water tem-
peratures on the east coast of the state (Gilmore and Hastings
1983). This thermal environment along the Florida east coast
creates a sub-tropical aquatic environment for the fishes dur-
ing winter. Juanes et al. (2013) showed that east coast Florida
estuaries provided juvenile bluefish with higher prey abun-
dances and more favorable water temperatures than nursery
areas in the MAB during winter but collected few summer-
spawned individuals. The coastal shelf was not sampled in
their study, but it was suggested that this areamay be inhabited
throughout winter by summer-spawned juvenile bluefish. The
contribution of fall-spawned juvenile bluefish to the cohort
structure is unclear.

The NMFS conducts extensive spring and fall surveys that
cover much of the continental shelf from Cape Hatteras to the
Gulf of Maine, but the region south of Cape Hatteras is not
surveyed nor is the shallow coastal zone (< 10 m). Further, the
Southeast Area Monitoring and Assessment Program
(SEAMAP), which collects fishery-independent data from
shallow nearshore waters of northeastern Florida, does not
sample during the winter. Hence, the degree of coastal ocean
use by juvenile bluefish at the southern extent of the species
range in the western Atlantic Ocean is unknown, particularly
during winter. The purpose of this study was to evaluate the
role of the coastal ocean shelf of northern Florida to juvenile
bluefish by measuring cohort-specific winter abundance,
feeding habits, and lipid content.

Materials and Methods

Study Site and Fish Sampling

Four sites located along the US Atlantic coastal shelf between
St. Augustine and New Smyrna Beach, Florida were sampled
monthly (excluding February) from October to March 2006–
2007 and 2007–2008 (Fig. 1). The Saint Augustine Inlet site
was characterized by heavy coastal development, channel
dredging, and boat traffic, while the Matanzas Inlet site repre-
sents one of the last natural inlets on Florida’s east coast and
has remained unaltered with no dredged channel or armored
shoreline. The Flagler Beach site was selected for comparative
purposes because it was located within the study area but was
the only site not associated with an inlet, and the Ponce Inlet
site is the main channel for boats traveling between the
Atlantic Ocean and the Halifax and Indian Rivers and is char-
acterized by two jetties at the mouth of the inlet and frequent
dredging for safe inlet navigation.

All four sites encompassed the area just outside of the surf
zone to 5 km offshore, consisted of mud to sand bottom and
depth-stratified; the shallow strata ranged from 5 to 9 m and
the deep strata from 10 to 18 m (Fig. 1). The sites were sam-
pled with a commercial shrimp trawling vessel with a bottom
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otter trawl (30 m head rope, 6 mm codend), towed at 3 knots
for 20 min. Two tows were conducted per depth strata at each
site (total = 16 tows per month) during daylight hours.
Trawling commenced approximately 1 h after sunrise and
terminated 1 h after sunset and was separated into three time
periods (morning: first tow–12:00 pm; afternoon: 12:01 pm–
5:00 pm; evening: 5:01 pm–last tow). To ensure all time pe-
riods were covered for all sites, monthly sampling was con-
ducted over 2 days from St. Augustine to Ponce Inlet during
day 1 and in the opposite direction on day 2. Sea surface
temperature was recorded at the beginning of each trawl using
the ship’s depth finder. For all sampling efforts, fish were
processed on deck, and all juvenile bluefish were measured
immediately and a sub-sample that best represented each co-
hort was preserved (95% EtOH or frozen) for stomach content
analysis. Relative abundances of all other collected species
were estimated by direct counts or gravimetrically, and a
sub-sample was enumerated, measured, and returned to the
water as quickly as possible in order to minimize mortality.

Laboratory Methods and Analyses

Juvenile bluefish cohort-specific abundances were deter-
mined by length frequency analysis for each sampling

month by measuring fish to ± 1.0 mm fork length (FL)
and total length (TL) and weighed (± 0.1 g wet weight).
Fish < 350 mm FL were designated as age 0 juveniles
(Murt and Juanes 2009), and any fish > 350 mm FL were
considered age 1 and removed from the analysis. Distinct
size groups were present during each monthly sampling
period and assigned to the spring- (< 350 mm FL; collected
from October to November), summer- (< 250 mm FL; col-
lected from December to January), and fall- (< 150 mm FL,
collected in January; < 250 mm FL, collected in March)
spawned cohorts, respectively. In months where juvenile
bluefish were collected from more than one cohort, the
antimode in length (mm FL) distributions was used as the
boundary between cohorts. Recruitment was assessed
using catch-per-unit-effort (CPUE) by dividing the number
of juvenile bluefish collected per cohort by sample.

The stomach from esophagus to pylorus was extracted
from each fish and scraped with a scalpel to remove the
contents. Stomach contents were enumerated, identified to
the lowest possible prey taxon, blotted dry, and weighed (±
0.001 g wet weight). Whole prey fishes were measured to TL
(± 0.10 mm). Results for each prey taxon were reported as
percent frequency of occurrence (%FO= number of stomachs
in which prey type occurred divided by the total number of

5-9 m 

     10-18 m 

NFLAGLER BEACH

Ponce Inlet 

25 km

Fig. 1 Locations of the four
sample sites off the coast of
northern Florida. Black ovals
represent areas encompassing
shallow (5–9 m) transects and
gray ovals represent areas
encompassing deep transects
(10–18 m)
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non-empty stomachs examined), percent composition by wet
weight (%W = total weight of taxon expressed as a percentage
of the total stomach content weight), and percent composition
by number (%N; the number of individuals of that taxon
expressed as a percentage of the total number of prey). Prey
items that contributed > 10% in any of these indices were
considered important.

Lipid content was determined from approximately 2–4 g
of white muscle removed from the dorsal musculature of 57
individuals. White muscle is an appropriate proxy for overall
energy content of juvenile bluefish (Slater et al. 2007). Tissue
samples were weighed (± 0.001 g) and dried at 60 °C for
72 h. An automated Soxhlet extractor with di-ethyl ether
was used to dissolve neutral lipids with a method similar to
Shahidi (2001). The post-extracted muscle samples were
dried at 60 °C for another 24 h and re-weighed.

Statistical Analyses

Differences in monthly ocean temperature were assessed
with a one-way analysis of variance (ANOVA). To reveal
spatial and temporal recruitment dynamics to the region,
CPUE was compared across years and among cohorts, sta-
tions, and months and between depth strata with a two-way
ANOVA. Catches of juvenile bluefish were log (x + 1)
transformed to meet the assumptions of parametric statis-
tical analyses and Tukey’s multiple comparison tests were
used to evaluate pair-wise differences in CPUE between
the independent variables. Catch rates of juvenile bluefish
during the time periods were non-normally distributed after
transformation and analyzed with a Kruskal-Wallis non-
parametric test on ranks and a Dunn’s multiple comparison
evaluation.

Juvenile bluefish prey selectivity was analyzed using the
approach of Manly-Chesson (Chesson 1983). Relative prey
abundance at each sample site was calculated from trawl by-
catch data estimated as the number of each taxon collected
per sample. The selectivity index was calculated as:

αi ¼ ri=pið Þ
∑
m

r j=pj

� � ; i ¼ 1;…;m;

where αi was the selectivity for prey type i, ri was the
relative numeric abundance of prey type i in bluefish
stomachs, pi was the relative numeric abundance of prey
type i in a given trawl tow, and =1/m. A value of αi > 1/m
indicated that the prey species was selected, and if αi < 1/
m, the prey species was avoided. The selectivity index was
calculated using the relative abundance of only those indi-
viduals that were within the size range of prey (≤ 50%)
consumed by juvenile bluefish and were collected with
juvenile bluefish in the same trawl tow.

Feeding intensity was assessed by examining the fre-
quency of empty bluefish stomachs and stomach fullness.
The frequency of empty stomachs was compared among
months and stations and between years, time periods, and
cohorts using chi-square goodness of fit tests (SAS 2009).
November was excluded from comparison because fish
were not returned to the laboratory during this month.
For juvenile bluefish that contained food, relative stomach
fullness (RSF) was calculated as a proportion of stomach
content weight to bluefish body weight:

RSF ¼ FSW–ESW=GWð Þ

where FSW is the stomach weight with contents, ESW is the
empty stomach weight, and GW is the gutted bluefish weight
(all in g). Relative stomach fullness was compared between
years, depths, and time periods with t tests and among
months, stations, and time periods with ANOVA. If a signif-
icant interaction was detected, a Bonferroni correction (P =
0.05/N) was applied to account for the pair-wise type I error
rate, where N was equal to the number of comparisons.

The relationship between juvenile bluefish size and
prey size was examined using general linear regression
analysis. Relative prey size was calculated by dividing
individual prey TL by bluefish TL, and the relationship
between relative prey size and juvenile bluefish size was
examined by calculating Spearman’s rank order correla-
tion coefficients (rs). For juvenile bluefish with stomachs
that contained partial but identifiable remains of dominant
prey, otolith lengths (OL mm) from vouchers of identified
prey collected at the time of bluefish sampling were used
to reconstruct whole prey length (TL). Striped anchovy
(Anchoa hepsetus) was the only dominant prey species
collected from the stomachs of juvenile bluefish and the
linear regression used for reconstructing whole prey size
was calculated as:

TL ¼ 30:33þ 12:35� OLð Þ; n ¼ 83; r2 ¼ 0:53;P < 0:0001

Reconstructed whole prey size was compared to intact
whole prey size in juvenile bluefish stomachs using the
Mann-Whitney rank sum test.

Lipid levels of juvenile bluefish were expressed as a pro-
portion of the solvent evaporated sample dry weight and arc-
sine square root transformed prior to analysis due to non-
normality and heterogenous variances. Lipid content was
compared between years and among months using a two-
way ANOVA and post hoc Tukey’s multiple comparison tests
to determine pair-wise differences in monthly lipid content.
Muscle tissue samples were not available for fish collected in
November, so this month was omitted from the lipid content
analysis. All analyses were performed using SAS 9.3 software
(SAS Institute, Cary, N.C.)
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Results

Monthly ocean temperatures were similar among the four
sampling stations and between years. Therefore, seasonal
ocean temperatures for all four stations and years were com-
bined (Fig. 2), and they ranged from a minimum of 15.5 °C in
January to a maximum of 28.4 °C in October.

Habitat Use

The pattern of bluefish abundance among the four sites was
similar between years (P = 0.34); therefore, we combined the
data. Catch-per-unit-effort was highest at Flagler Beach and
lowest at St. Augustine Inlet (F = 3.1, df = 3, P = 0.03;
Fig. 3a). Catch rates of juvenile bluefish were also two times
greater in the deep (10–18 m; CPUE = 14 fish/tow) than shal-
low (5–9 m; 7 fish/tow) strata (t = 2.4, P = 0.05).

The abundance of juvenile bluefish differed among months
(F = 2.8, df = 4, P = 0.03). Catch rates were lowest in October
(CPUE = 0.44 fish/tow; Fig. 3b), and fish were collected at
only the two northern-most sites during this month. Monthly
CPUE increased throughout the winter and peaked in January
(CPUE = 28 fish/tow) when CPUE was > 5× greater than in
any other month, and bluefish inhabited all four stations. By
March, catch rates declined from January but were still higher
than during fall and fish were caught at all sites except for St.
Augustine (Fig. 3b). Catch rates increased from morning to
afternoon and declined to lowest levels during evening (H =
15.6, df = 2, P = 0.01; Fig. 3c).

Spring-, summer-, and fall-spawned cohorts were all pres-
ent, and CPUEwas highest for the summer-spawned and low-
est for spring-spawned fish (F = 5.93, df = 2, P = 0.003).
Catch rates were > 9× higher for summer-spawned fish than
either spring- or fall-spawned cohorts (Fig. 3d).

Cohort Structure

Catch rates of summer-spawned bluefish were highest among
the three cohorts at all sites, depth strata, and time periods,
while cohort-specific CPUE varied among months, sites, time
periods, and depth strata (Table 1). The entire catch of juvenile
bluefish in October and November was represented by the
spring-spawned cohort, while in December, only summer-
spawned bluefish were collected. In January, CPUE was
highest for the summer-spawned cohort, and by March, fall-
spawned bluefish dominated catches (Fig. 4).

Cohort-specific analysis showed that no spring-spawned
juvenile bluefish were captured during evening trawls;
CPUE was similar during the morning and afternoon,
highest at Ponce Inlet, and similar between depth strata
(Table 1). Summer-spawned juvenile bluefish first ap-
peared in December (mean FL = 182 mm; range = 117–
270 mm FL; Fig. 4), and CPUE was highest in January.
Catch rates of this cohort were greatest during the after-
noon, at Flagler Beach, and in the deep than shallow strata
(Table 1). The fall-spawned cohort arrived in the study area
during January of both years and dominated juvenile blue-
fish collections during March (mean FL = 180 mm; range =
25–224 mm FL; Fig. 4). Catch-per-unit-effort was highest
during morning and no individuals of this cohort were col-
lected in the evening trawls. Catch rates of fall-spawned
fish were greatest at the Flagler Beach site and in the shal-
low strata (Table 1).

Feeding Habits

Prey items were found in 54% of the 434 bluefish stomachs
processed. Only five taxa were identified from the stomach
contents, and four of the five taxa were fishes. Major prey
items were categorized into four groups; (1) striped ancho-
vy (A. hepsetus), (2) all other fish, (3) unidentified fish
remains, and (4) squid. Striped anchovy dominated every
category of prey composition, while unidentified fish con-
stituted the second most abundant major prey group
(Table 2). Striped anchovy contributed less to the diet of
juvenile bluefish in 2006–2007 than in 2007–2008 and was
associated with the proportion of unidentified fish remains.
Unidentified fish remains were found in 43% of juvenile
bluefish stomachs in 2006–2007 and only 9% of stomachs
in 2007–2008. All other fish contributed less than 10% to
the diet of juvenile bluefish and squid were the only inver-
tebrate found in bluefish stomachs but contributed less than
5% to the bluefish diet. No evidence of cannibalism was
found.

The only prey groups included in the prey selectivity
index were those collected in the same trawl tows as blue-
fish and with relative abundance contributions > 1% of the
catch and ≤ 50% of juvenile bluefish size (TL). Ten prey
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Fig. 2 Average monthly ocean temperatures (± between year standard
error) during the study period in the northern Florida coastal ocean,
combined for the study years 2006–2007 and 2007–2008. February was
omitted because no sampling took place during this month

1426 Estuaries and Coasts (2018) 41:1422–1435



groups (nine fish and one invertebrate) met these criteria,
and five of these prey groups were eaten by juvenile blue-
fish (Fig. 5). Juvenile bluefish exhibited strong positive
selection for striped anchovy (α = 0.63), non-selective
feeding on Atlantic cutlassfish (Trichiurus lepturus) (α =
0.19), and avoidance of the three other prey groups (Fig. 5).
The abundant prey groups not consumed by juvenile blue-
fish in our study were lookdown (Selene vomer), family
Sciaenidae, moonfish (Mene maculate), Atlantic butterfish
(Peprilus triacanthus), and harvestfish (Peprilus paru).

The frequency of empty stomachs differed between years
and among months, time periods, stations, and cohorts (χ2 =
13.2–72.1, P = 0.001; Table 3). Relative stomach fullness was
greater in 2007–2008 than in 2006–2007 (P = 0.005; Fig. 6a)
and higher in winter months than during October and March
(P = 0.001; Fig. 6b); no interaction was detected between
month and year. The evening time period was excluded from
the RSF analysis because few bluefish were collected during
the evening and none contained prey in their stomachs.
Relative stomach fullness was similar between the morning
and afternoon (Fig. 6c). Spatially, the highest RSF of juvenile
bluefish was observed at St. Augustine Inlet (P = 0.01;
Fig. 6b) and in shallow strata (P = 0.003; Fig. 6e). The
summer-spawned cohort exhibited greater RSF than the
spring- and fall-spawned cohorts (P = 0.03; Fig. 6f).

Regression analysis showed no linear relationship be-
tween juvenile bluefish length and prey length (β = 0.03,
α = 50.21, r2 = 0.002, n = 197, P = 0.21; Fig. 7). Prey sizes
ranged from 16 to 177 mm TL (mean = 57 mm TL), and
striped anchovy comprised 91% of the prey for which
measurements were available. Juvenile bluefish consumed
striped anchovy (whole and reconstructed from partial re-
mains) between 47 and 79 mm TL (mean = 56 mm TL).
Size reconstruction of partially digested striped anchovy
using the otolith length-TL relationship added 82 more
prey to our analysis. These partially digested striped an-
chovies (mean TL = 64 mm) were larger than the whole
fish (mean TL = 50 mm) in juvenile bluefish stomachs
(U = 3038.0, P = 0.04), which may indicate a different
feeding strategy for bluefish feeding on these larger prey.
Atlantic bumper, Atlantic thread herring, and squid con-
stituted only 6.6% of the prey for which measurements
were available, and these species were the smallest prey
consumed (Fig. 7). Atlantic cutlassfish were the largest
prey consumed by juvenile bluefish (n = 5; mean =
151 mm TL). Relative prey size was also not related to
juvenile bluefish size (r = − 0.13; n = 197; P = 0.06).
Juvenile bluefish typically consumed prey approximately
25% of their TL, but prey size ranged between 8 and 84%
of bluefish size.
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CPUE. Error bars denote one standard error in CPUE
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Lipid Content

The monthly lipid content of juvenile bluefish was similar
between years but showed clear seasonality and a significant
effect of month during the study period (F = 3.24, P = 0.02,
n = 57). Proximate lipid content was lowest in October and
increased throughout the winter before declining in March
(Fig. 8). Due to cohort-specific monthly recruitment by juve-
nile bluefish to the region, differences in lipid content among
months also represented differences in energetics among the
cohorts, with only spring-spawned fish collected in October,
summer-spawned fish collected in December and January, and
fall-spawned fish were only taken in March. Summer-
spawned juvenile bluefish contained five times greater white
muscle lipid content (mean = 2.5%) than spring-spawned fish
(mean = 0.5%), and summer-spawned fish collected in
January had twice the lipid content of the fall-spawned cohort
(mean = 1.4%; Fig. 8).
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Table 1 Temporal and spatial trends in CPUE within and among the
spring-, summer-, and fall-spawned cohorts of juvenile bluefish collected
from the northern Florida coastal ocean in 2006–2007 and 2007–2008

Cohort

Spring Summer Fall

Month

October 0.44a1 – –

November 1.31a1 – –

December – 2.86a1 –

January – 27.94a2 0.11b1

March – 0.13a3 4.56b2

Site

St. Augustine Inlet 0.19a1 1.19b1 –

Matanzas Inlet 0.13a1 6.61b2 0.39a1

Flagler Beach 0.22a1 19.93b2 1.85c3

Ponce Inlet 0.56a2 12.52b2 0.56a12

Depth

Deep 0.36a1 13.66b1 0.39a1

Shallow 0.17a1 5.20b2 1.00c2

Time

Morning 0.33a1 5.35b1 0.32a1

Afternoon 0.23a1 16.70b2 1.25c2

Evening – 0.10a3 –

Significant differences (P < 0.05) in CPUE by row are indicated with a
letter superscript and by column with a number superscript

�Fig. 4 Monthly length frequency distributions of juvenile bluefish
collected from the northern Florida coastal ocean combined for 2006–
2007 and 2007–2008. Gray bars represent the spring-spawned cohort,
hatched white bars represent the summer-spawned cohort, and black bars
represent the fall-spawned cohort
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Discussion

Our results indicate that the northern Florida coastal shelf
provides essential habitat for overwintering juvenile bluefish.

In nearshore juvenile fish communities, species richness typ-
ically increases with depth from the surf zone to the shallow
shelf (Layman 2000). The nearshore coastal ocean is impor-
tant to marine fishes in providing refugia and food for devel-
oping juveniles during critical early life stages (Lasiak 1986;
Robertson and Lenanton 1984), including bluefish along the
MAB from summer until early winter (Able et al. 2003;
Gartland et al. 2006: Morley et al. 2007). We collected juve-
nile bluefish from late fall until early spring along the coastal
SAB with the greatest abundance at the Flagler Beach site (no
associated inlet), providing new evidence that oceanic waters
are important to this species during the overwinter period.

Spatial and Diurnal Patterns of Habitat Use

Habitat alteration and degradation have been associated with
the decline of many coastal marine fish populations (Caddy
2007). In the present study, catch rates of juvenile bluefish
were lowest at the St. Augustine Inlet site and this site was
characterized by a variety of activities including channel
dredging, jetty construction, and coastal development. These
activities can result in increased turbidity, which may interfere
with the foraging ability of fish, and high concentrations of
toxic substances in the water column (Hoffman et al. 1984).
Although the effects of such activities on bluefish foraging

Table 2 Results of diet
composition analysis of juvenile
bluefish collected from the
northern Florida coastal shelf in
2006–2007 and 2007–2008

2006–2007 2007–2008

FO W N FO W N

2006–2007

Total number of stomachs examined, N 278

Total number containing prey, n 127

2007–2008

Total number of stomachs examined, N 156

Total number containing prey, n 106

Vertebrata

Engraulidae

Anchoa hepsetus 47 68 61 83 86 90

Clupeidae

Opisthonema oglinum 3 5 3 – – –

Carangidae

Chloroscombrus chrysurus – – – 2 6 2

Trichiuridae

Trichiurus lepturus 1 1 1 5 3 2

Unidentified fish remains 43 21 29 9 3 4

Invertebrata

Ommastrephidae

Illex sp. 5 5 4 1 2 1

The frequency of occurrence (FO) was based on the number of stomachs with prey, the percent composition by
wet weight (W) = the total weight of that taxon divided by the total weight of stomach contents, and the percent
composition by number (N) = the number of individuals of that taxon divided by the total number of prey
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behavior are unclear, bluefish CPUE was more than 20 times
lower at this site than at the less trafficked Flagler Beach site.
Juvenile bluefish are visual predators (Juanes and Conover
1994) and may have avoided or been displaced from the near-
shore area around the St. Augustine Inlet in favor of the less
altered locations along the northeast Florida coast.

Temporal Patterns in Habitat Use

The absence of population boundaries or isolating barriers
allows fish to adopt migration strategies which may reduce
exposure to thermal stress (Hurst 2007). Many marine fishes
that inhabit non-boundary coastal waters migrate long dis-
tances prior to or during winter to maximize survival, as win-
ter can be a period of increased mortality (Able and Fahay
1998). Juvenile bluefish typically leave MAB estuaries and
coastal shelf waters to make a southerly migration to
overwintering habitats as water temperatures fall below
15 °C (Juanes et al. 1996). We found that the temperature of
the coastal waters of northern Florida never fell below 15 °C.
Juvenile bluefish growth slows at temperatures greater than
24 °C as a result of increased metabolic demands (Hartman
and Brandt 1995). In October and November, average daily
ocean temperatures in our sampling area were above 25 °C,

indicating that the ocean temperature in the region was likely
above the optimal range for juvenile bluefish. Coincidentally,
our catch rates during these months in both years were the
lowest of the study period. Juvenile bluefish have been col-
lected as far north as New York and New Jersey during
October (Able et al. 2003; Juanes et al. 1993; Taylor et al.
2007). Our results indicated that the cooler ocean temperatures
of the MAB during October and November likely provided a
more suitable thermal regime for juvenile bluefish.

Southward or offshore movements have been proposed as
two possible overwinter migration strategies for juvenile blue-
fish (Juanes et al. 1996). We recorded nearshore ocean tem-
peratures consistently above 20 °C during December, well
above what has been considered the low temperature tolerance
for the species (13–15 °C, Hare and Cowen 1996), and was
associated with increasing bluefish CPUE. Recruitment of
juvenile bluefish to nearshore oceanic waters along the
North Carolina coast was high in December during the warm-
er winter of a 2-year study but declined considerably in
December during the colder winter (Morley et al. 2007).
Thus, December could represent a transitional period along
the SAB such that inter-annual water temperatures during this
month oscillate around the low temperature tolerance for ju-
venile bluefish in northern regions but are consistently above
this temperature in the southern SAB. Although an offshore
overwinter migration cannot be ruled out, our results showed
that a southward migration likely explained the movement of
juvenile bluefish away from MAB and northern SAB waters
during the coldest months of the year.

Cohort Structure and Migration Patterns

The production of multiple cohorts of juvenile bluefish has
beenwell documented in theMAB, but the overwinter recruit-
ment dynamics of these cohorts has remained unclear. Spring-
spawned bluefish typically emigrate from MAB waters ap-
proximately 1 month earlier than their younger con-specifics
(McBride et al. 1995;Wuenschel et al. 2012), and Juanes et al.
(2013) reported spring-spawned fish migrating to northern
Florida estuaries in the same geographic region as the present
study, increasing from November to December. Similarly, we
collected only the spring-spawned cohort in October and
November. Thus, the disappearance of the spring-spawned
cohort from the northern Florida coastal ocean after
November could be the result of movement into local
estuaries.

Summer-spawned juvenile bluefish selection for inner con-
tinental shelf habitats during the summer and fall in the MAB
has been well documented (Able et al. 2003; Taylor et al.
2007). We also found that the summer-spawned cohort dom-
inated bluefish catches in the southern SAB during December
and January. However, this cohort disappeared from our study
area after January. Summer-spawned bluefish have been

Table 3 The percentage of juvenile bluefish empty stomachs from fish
collected in the northern Florida coastal ocean arranged by year, month,
time period, station, and cohort

Parameter Percent empty stomachs

Year

2006–2007 77.7

2007–2008 35.6

Month

October 50.0

December 40.0

January 60.0

March 82.5

Time period

Morning 45.0

Afternoon 81.3

Site

St. Augustine 30.0

Matanzas 70.0

Flagler 88.0

Ponce de Leon 46.1

Cohort

Spring 50.0

Summer 59.6

Fall 84.8

The data for month, time period, station, and cohort were combined
across years
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shown to inhabit a narrower range of temperatures (19–23 °C)
than the spring-spawned cohort (McBride et al. 1995). In the
present study, the mean monthly ocean temperature declined
to 20 °C in January and likely declined further during
February (Juanes et al. 2013), possibly prompting summer-
spawned fish to emigrate from the study area during
February as only two individuals were collected in March.

The contribution of the fall-spawned cohort to the adult
bluefish stock structure has been considered insignificant
(Wuenschel et al. 2012), but its occurrence along the US coast
is unique when compared to bluefish spawning in other oce-
anic waters (Juanes et al. 1996). We first collected fall-

spawned bluefish in January, and these fish dominated the
cohort structure by March. The appearance of fall-spawned
fish in this region suggests that the recruitment dynamics of
juvenile bluefish may be more complicated than previously
described. Wuenschel et al. (2012) collected early stage juve-
niles in the SAB during late fall to early winter and suggested
that this cohort may be the result of fall spawning during the
southerly migration to overwintering waters or after arrival to
the SAB, and Shepherd et al. (2006) suggested that Florida
maintains a resident bluefish population. Murt and Juanes
(2009) collected small (< 50 mm FL) juveniles from the surf
zone along northern Florida beaches in December indicating
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that these fish might be the result of local bluefish spawning.
The increased abundance of this cohort during early spring in
the present study indicated that fall-spawned bluefish survived
the winter in this region when the risk to mortality is greatest.

Diet Composition

This study represents the first description of the feeding be-
havior of juvenile bluefish inhabiting inner continental shelf
waters during winter at the southern extent of the species US
range. Juvenile bluefish fed entirely on pelagic prey,

approximately 95% of which were fishes. Juvenile bluefish
are known to consume a wide range of prey types and are
considered feeding generalists (Buckel et al. 1999; Friedland
et al. 1988; Harding and Mann 2001; Juanes et al. 1994;
Juanes and Conover 1995), but we found that striped anchovy
was the only prey positively selected throughout winter in this
region. Although engraulids have contributed strongly to the
prey base of juvenile bluefish in estuaries and surf zones
(Buckel and Conover 1997; Gartland et al. 2006; Juanes
et al. 1993; Scharf et al. 2004), bay anchovy (Anchoa
mitchilli) was the dominant engraulid found in bluefish
stomachs. Striped anchovies typically select for coastal ocean
waters while bay anchovies have an affinity for both estuarine
and open ocean habitats (Ogburn-Mathews and Allen 1993;
Able et al. 2010). Bay anchovy contributed only 0.5% to the
total fish catch whereas striped anchovy represented the sec-
ond most abundant species collected and thus more available
to juvenile bluefish. Consequently, a plausible explanation for
the importance of striped anchovy to bluefish in the present
study was our selective sampling of the coastal ocean.
However, this does not explain the negative selection of blue-
fish for the other potential prey species. Five of the nine most
abundant potential prey species were also small pelagic
schooling fishes like striped anchovy but not eaten by blue-
fish. Four of the five fishes (lookdown, moonfish, Atlantic
butterfish, and harvestfish) avoided by juvenile bluefish are
considered deep-bodied species. These prey species were
deemed available to juvenile bluefish based on body length,
but body depths were not recorded during this study. Juvenile
bluefish may have avoided these species due to mouth gape
limitations. Nevertheless, no crustaceans were consumed and
Ommastrephidae (squid) represented the lone invertebrate
prey, suggesting that bluefish were feeding specialists during
winter in this region.

Like many piscivorous fishes, juvenile bluefish typically
consume larger prey as they grow (Buckel et al. 1999;
Juanes et al. 1993; Scharf et al. 2004). However, we found
no such relationship for bluefish in this study. The lack of a
positive relationship between predator and prey size appeared
to be due to the narrow range of striped anchovy sizes con-
sumed over all bluefish sizes. Juvenile bluefish consumed
striped anchovy sizes ranging from 45 to 79 mm TL, but
striped anchovy as large as 126 mm TL were collected from
the sample area. Further, the mean prey size was 25% of
bluefish size, indicating that juvenile bluefish were selecting
for smaller prey, and may be associated with increased feeding
rates as a result of reduced handling time.

Feeding Intensity

Temperature plays an important role in regulating consump-
tion rate in fishes (Hurst 2007). As a result, many temperate
species experience a period of reduced or suspended feeding
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during winter. Pangle et al. (2004) reported that the amount of
food consumed had an influence on winter survival, with fed
fishes more likely to survive than starved individuals.
Although the frequency of empty bluefish stomachs (46%)
observed during winter in the present study was higher than
reported in other regions during the summer and early fall
(Gartland et al. 2006; Hartman and Brandt 1995; Juanes
et al. 1993), our results indicated that juvenile bluefish did
not suspend feeding during winter in this region. The high
stomach fullness in the morning suggests juvenile bluefish
feeding may be more intense near dawn in northern Florida
waters. This early diurnal foraging behavior has been ob-
served in juvenile bluefish feeding in mid-Atlantic estuaries,
where bluefish fed at higher rates during the crepuscular pe-
riods (Buckel and Conover 1997; Juanes and Conover 1994).

The diet composition was similar across cohorts but the
feeding intensity varied among them during winter. To our
knowledge, this study represented the first diet content de-
scription for fall-spawned juvenile bluefish. The frequency
of empty stomachs was similar between the spring- and
summer-spawned cohorts and considerably lower than the
fall-spawned cohort. It was unlikely that this cohort-specific
variability in empty stomachs was the result of interactions
among the cohorts due to the observed recruitment patterns
whereby little temporal overlap occurred among the cohorts
throughout the study period. Instead, the differences in the
frequency of empty stomachs observed among the cohorts
could be due to the monthly variability in striped anchovy
abundance. Striped anchovy abundance was lowest in
March when the fall-spawned cohort dominated juvenile blue-
fish catches.

Lipid Content

As water temperatures decline during winter, the feeding rates
of temperate fishes typically decline and lipids are mobilized
to meet physiological requirements (Cunjak et al. 1987; Hurst
et al. 2000). For juvenile bluefish residing in the northern SAB
during winter, the mobilization of lipids resulted in a reduction
of lipid storage across almost all body depots including white
muscle tissue (Morley et al. 2007; Slater et al. 2007).
Conversely, we found that juvenile bluefish accumulated
lipids over the winter. Similarly, Juanes et al. (2013) showed
that age 0 and age 1+ bluefish collected from northern Florida
estuaries also stored lipids from fall through winter. The con-
trasting fall lipid content in fish from these two regions is
likely associatedwith the seasonal north-south migration strat-
egy exhibited by bluefish along the US east coast (Wuenschel
et al. 2012). Juvenile bluefish were shown to store energy in
the northern SAB during the fall in preparation for the south-
erly migration (Morley et al. 2007). However, fish subjected
to prolonged northern SAB winter water temperatures, simu-
lating overwinter residency in the northern SAB region,

depleted their lipid levels during the winter (Slater et al.
2007). Our results indicate that fish which move to the south-
ern SAB in the fall exhaust lipid stores during the migration
and arrive to the overwintering region with low lipid content.
The subsequent increase in lipid content we observed during
December and January was likely the result of optimal water
temperatures for bluefish feeding and abundant prey resources
in our sample area.

We were unable to disentangle the seasonal versus cohort
energy dynamics of juvenile bluefish because each monthly
lipid content assessment represented an individual cohort.
However, we provided a unique account of cohort-specific
juvenile bluefish overwintering energetics, such that the lipid
content was greatest in the summer-spawned cohort. Juanes
et al. (2013) reported a positive relationship between bluefish
size and lipid content during the winter for spring-spawned
individuals. In the present study, spring-spawned juvenile
bluefish were larger than fish from the other two cohorts, but
the lipid content was lowest for this cohort. A possible expla-
nation for this disparity in energetics could be that spring-
spawned bluefish exhausted energy storage during the south-
ward migration and replenished lipid content after moving
into northern Florida estuaries as was reported by Juanes
et al. (2013). Moreover, Slater et al. (2007) showed that unfed
spring-spawned juvenile bluefish depleted lipid stores more
rapidly than summer-spawned fish. Summer-spawned juve-
nile bluefish could have conceivably compensated for lower
size-related lipid reserves prior to the winter migration if they
were able to store lipids more rapidly or efficiently than
spring-spawned fish during winter as we have shown.

Conclusion

We found that the northern Florida coastal ocean shelf func-
tions similar during winter to surf zones and estuaries during
the summer and fall to juvenile bluefish by providing feeding
resources and optimal water temperature. The temperature in
the nearshore oceanic waters of northern Florida was warmer
than associated estuaries, and above the lower thermal toler-
ance of juvenile bluefish, making the northern Florida coastal
ocean a thermal refuge for juvenile bluefish during the winter.
This study represented the first examination of juvenile blue-
fish temporal distribution patterns in which regional abun-
dance was greatest during January. Remarkably, almost no
temporal overlap occurred among the three cohorts during
the study. The three cohorts partitioned the use of the northern
Florida coastal ocean over a temporal scale from October and
November (spring-spawned cohort) to December and January
(summer-spawned cohort) to March (fall-spawned cohort).
Although spring-spawned juvenile bluefish exhibited limited
use of coastal ocean waters, the summer-and fall-spawned
cohorts of juvenile bluefish utilized this habitat extensively
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throughout the winter and this area should be considered es-
sential juvenile bluefish overwintering habitat. The fall-
spawned cohort was abundant in the Florida nearshore ocean
from winter to early spring and may contribute locally to the
bluefish stock structure, especially if Florida has a resident
bluefish population. The contribution of striped anchovy to
the diets all three cohorts represented a unique feeding strate-
gy for this species in this region and has not been reported
elsewhere. Feeding intensity increased fromOctober toMarch
indicating that northern Florida waters provided juvenile blue-
fish with the physical and biological environment for contin-
ued feeding and energy storage during winter.
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