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ABSTRACT: The ecology of overwintering young-of-the-year bluefish Pomatomus saltatrix off North
Carolina, USA, was examined for the 2001 and 2002 year-classes, to test the hypothesis that overwinter mortality affects the recruitment of summer-spawned bluefish. A trawling survey was conducted in Onslow Bay, North Carolina, from October 2001 to May 2002 and from September 2002 to
June 2003 to determine bluefish abundance, cohort structure, energy density of white muscle and
liver, and gut fullness. Up to 4 transects ranging from 0.4 to 16.1 km from shore were sampled
monthly. Abundance of bluefish in Onslow Bay was high during the fall and declined with decreasing temperature in both years. Winter abundance was related to winter severity, with higher catches
during the more mild winter of 2001 to 2002. At least 3 young-of-the-year cohorts were observed in
both years. Gut fullness values generally followed temperature patterns, with reduced feeding
during the winter. Energy reserves in white muscle and liver tissues peaked in November with larger
fish having disproportionately more energy. However, by mid-winter there was little difference in
energy reserves between the cohorts. These data suggest that larger fish deplete a greater portion of
their energy stores as the season progresses while smaller fish deplete energy more slowly. Catch
data show that summer-spawned bluefish survive the winter, but the magnitude of overwinter
mortality remains uncertain.
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Winter is a critical period for juvenile fishes in temperate latitudes. Overwinter mortality can cause a significant bottleneck in recruitment at the juvenile stage
(Conover & Ross 1982, Miranda & Hubbard 1994,
Hurst & Conover 1998). Mortality during the winter is
often size-selective, and smaller individuals experience higher mortality rates (see Sogard 1997). Negative size-selective overwinter mortality has been
observed in many species including Atlantic silversides (Conover & Ross 1982), yellow perch (Post &
Evans 1989), largemouth bass (Adams et al. 1982,

Miranda & Hubbard 1994), roach (Griffiths & Kirkwood 1995) and striped bass (Hurst & Conover 1998,
Sutton & Ney 2001).
One hypothesis for this pattern of size-selective mortality is the more rapid depletion of energy reserves by
smaller individuals. Because feeding ceases or is
reduced at cold temperatures, overwintering fishes
must depend on stored energy reserves to survive the
winter (Foltz & Norden 1977, Adams et al. 1982, Cunjak et al. 1987, Foy & Paul 1999). Smaller individuals of
a year-class have been shown to have disproportionately lower energy reserves (Schultz & Conover 1997,
Post & Parkinson 2001, Hurst & Conover 2003) and a
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higher mass-specific metabolic rate (Post & Lee 1996).
This may result in smaller individuals of a year-class
exhausting their energy stores more rapidly and
approaching critical starvation levels sooner than
larger members (Oliver et al. 1979, Sogard & Olla
2000). Due to this size-selective pattern in overwinter
mortality, individuals spawned later in the year may be
less capable of enduring winter starvation.
A majority of overwinter field studies have been conducted either in freshwater systems or with marine species that have limited migratory capabilities during the
winter. It is commonly thought that marine species capable of migrating to warmer waters do not experience
strong selective pressure during the winter. However,
the bluefish Pomatomus saltatrix, a subtropical species
that undergoes large-scale seasonal migrations, has recently been hypothesized to experience negative sizeselective overwinter mortality (Conover et al. 2003).
Bluefish support a valuable recreational fishery on
the US Atlantic coast, often being the most caught
marine species annually (NOAA Fisheries 2005).
However, the population has declined in abundance;
between 1982 and 1996, annual recruitment of youngof-the-year (YOY) declined by over a factor of 5 (Fahay
et al. 1999) and the recreational catch in recent years
has been roughly half the values observed in the 1980s
(NOAA Fisheries 2005). The reduction in population
size may be explained by the recruitment dynamics of
YOY bluefish. Lassiter (1962) collected scale samples
from adult bluefish and determined the length of individuals at Age-1 using a back-calculation technique.
This technique allows for examination of the length
distribution of YOY that survived their first winter and
the relative contribution that different sized YOY will
ultimately make to the adult population. Lassiter’s
(1962) resulting back-calculated Age-1 length distribution was bimodal, indicating that 2 YOY cohorts contributed to the adult population. The 2 cohorts Lassiter
(1962) identified are thought to be composed of fish
spawned in the spring and summer based on larval
sampling and recruitment dynamics of YOY bluefish in
the Middle Atlantic Bight (Chiarella & Conover 1990).
A majority of YOY bluefish recruiting to the Middle
Atlantic Bight (MAB) are thought to originate from
either spawning during the spring in the South
Atlantic Bight (SAB) with progeny transported north in
the Gulf Stream (Kendall & Walford 1979, Hare &
Cowen 1996), or summer spawning that occurs on the
continental shelf of the MAB (Kendall & Walford 1979,
Smith et al. 1994). Summer spawning has recently
been shown to be complex, consisting of multiple
peaks (Taylor & Able 2006) and 2 cohorts of summerspawned fish have been observed in addition to the
larger spring-spawned cohort in the MAB (Able et al.
2003, Wilber et al. 2003).

Recent evidence suggests that summer-spawned
bluefish are not contributing to the adult stock as much
as they have in the past (Chiarella & Conover 1990,
Conover et al. 2003). This lack of contribution has
occurred despite an increase in YOY abundance of the
summer-spawned cohort along with a shift from
spring-spawned bluefish dominating annual recruitment to summer-spawned fish dominating (Conover et
al. 2003). While both cohorts are abundant in the MAB
during the fall as they migrate south for their first winter (Munch & Conover 2000, Conover et al. 2003), the
adult population has been shown to be dominated by
the spring cohort in recent years (Conover et al. 2003).
This would suggest that in recent years the summer
cohort is experiencing high mortality rates during the
winter. Poor survival of summer-spawned bluefish coupled with their increase in relative abundance as YOY
may explain the reduced state of the population.
Extensive research has been conducted on juvenile
bluefish in the MAB during the summer and fall, but
the ecology of juvenile bluefish has received very little
attention in the SAB, especially during the winter. We
tested the hypothesis that negative size-selective overwinter mortality of YOY bluefish leads to poor survival
of summer-spawned fish (i.e. fish < 200 mm; Conover et
al. 2003). We examined YOY bluefish collected in
Onslow Bay monthly from fall through the spring for
the 2001 and 2002 year-classes. Our objectives were to:
(1) determine seasonal abundance patterns; (2) examine cohort structure; (3) examine energy storage
dynamics to determine if smaller bluefish deplete
energy reserves more rapidly as the winter progresses;
(4) examine seasonal changes in feeding; and (5) test
for negative size-selective mortality by comparing preand post-winter length-frequency distributions.

MATERIALS AND METHODS
Study site. Onslow Bay is located off the southern
coast of North Carolina and is bounded by Cape Lookout to the north and Cape Fear to the south (Fig. 1).
Depth increases from ~7 m at 0.4 km from shore to
~18 m at 16 km from shore. There is limited fisheryindependent data available for this region for the
winter months. McBride et al. (1993) analyzed North
Carolina winter oceanic trawl fishery data for the 1984
to 1985 season and found juvenile bluefish occurring
throughout the winter. Additionally, the South Carolina Department of Natural Resources conducts the
SEAMAP trawling survey, which samples from Cape
Hatteras, North Carolina, to Florida. This survey routinely captured large numbers of juvenile bluefish off
North Carolina in November and April 1989 to 2000;
however, no long-term sampling has taken place dur-
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mounted on the Suloid wreck in Onslow Bay,
located 15 km from shore (Fig. 1) (Paula E.
Whitfield, NOAA Beaufort Laboratory, Beaufort, North Carolina, unpubl. data). Daily temperature means were used to quantify differences in winter severity between the 2
winters.
An adjusted catch per unit effort (CPUE)
value (see Munch 1997) was determined at
each trawl station within each transect,
month, and year:
ln(CPUE) = {Σ[ln(catch + 1)]}n–1

where catch = number of juvenile bluefish
caught in a given trawl and n = number of
tows at a given trawl station. These values
were averaged within each month to develop
an index of abundance for juvenile bluefish.
Cohort structure. Bluefish length frequency distributions were constructed for
each sampling time interval. During certain time intervals it was difficult to distinguish larger YOY from
smaller Age-1+ bluefish because they can overlap in
size with smaller Age-1 and Age-2 bluefish (Lassiter
1962, Salerno et al. 2001). In order to ensure that only
YOY were examined, whole sagittal otoliths from
larger bluefish of questionable age were inspected for
annuli under a dissecting microscope. Whole otolith
analysis has been shown to be an effective ageing
technique for bluefish younger than Age-4 (Carmichael et al. 2002, Sipe & Chittenden 2002). Bluefish
typically lay down their first annulus in April of their
second year (Barger 1990, P. J. Rudershausen et al.
North Carolina State University, Morehead City,
unpubl. data); therefore if an annulus was present on
any individual caught during the fall or winter it was
not included in the analyses. Likewise, if an individual
caught during the spring had an annular mark that had
not recently formed, or if 2 were present, it was not
included. Otoliths from Age-1+ fish typically appeared
much different from those of similar-sized YOY, with
second-year growth forming as a second layer over
and past the edge of the proximal surface.
In order to track each juvenile cohort through the
overwintering period, it was necessary to objectively
distinguish between them at each time interval using
length distributions. First, the modal progression function of FiSAT II software was used on fall samples
(Gayanilo et al. 2002). This program first uses the Bhattacharya method (Bhattacharya 1967) to fit normal
curves to different modes in a length frequency distribution and then uses the NORMSEP function (Hasselblad 1966) to refine the parameter estimates of each
curve. The antimodes between normal curves estimated in FiSAT were used as cut-off points for cohort

Fig. 1. Sampling area in Onslow Bay, North Carolina, showing locations
of Cape Fear, Masonboro Inlet, Topsail Beach, and Cape Lookout
transects. Transect lines are not to scale, sampling took place up to
16.1 km from shore. ( ) Location of daily temperature logger

ing winter months (Anonymous 2000). Juvenile bluefish are not known to overwinter north of Cape Hatteras. Therefore, Onslow Bay is representative of the
northern limit of the winter range and is a logical place
to look for evidence of negative size-selective overwinter mortality.
Bluefish sampling. Monthly sampling was conducted from October 2001 through May 2002 and from
September 2002 through June 2003 aboard the 21.3 m
RV ‘Cape Fear’ in Onslow Bay. During the first season
4 transects were sampled monthly (Fig. 1). The Topsail
Beach transect was removed after February 2002 due
to unfavorable trawling bathymetry. Two transects
were sampled each month during the 2002 to 2003 season (Masonboro Inlet and Cape Lookout). Initially each
transect included 5 trawl stations located 0.8, 1.6, 3.2,
8.0 and 16.1 km from shore. However, a 0.4 km station
was added in December of 2001. During the first 4 mo
of the 2001 to 2002 sampling season no bluefish were
captured beyond 8 km from shore, so the 16.1 km station was removed after January 2002 and excluded
from abundance analyses. Sampling was conducted
using a spyder balloon bottom trawl with a 12 m wide
head-rope, 1.83 × 0.9 m (68 kg) doors and a 1.27 cm
mesh cod end. Two 20 min trawls were pulled parallel
to shore at each station during daylight hours. Bluefish
were also collected with supplemental sampling using
hook and line, beach seine, and gill net in coastal
waters of Onslow Bay; 8 bluefish were also obtained
from the US Fish and Wildlife Service cooperative winter tagging bottom trawl cruise off North Carolina in
January 2003. All bluefish were placed on ice and
returned to the laboratory for processing. Water temperature throughout the overwintering period was
recorded at 30 min intervals by a temperature logger

(1)
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assignments. FiSAT was used on trawl-caught bluefish
from the October 18 to November 13 and the November 18 to December 6, 2001, time intervals for the 2001
year-class, and the November 3 to 25, 2002, interval for
the 2002 year-class (see Figs. 3 & 4). Cohort cut-off
points estimated during the above time intervals were
maintained throughout the remaining winter months
assuming no growth. FiSAT was ineffective for early
fall or spring samples due to low sample sizes, so 2
other techniques were employed. Cut-off points during
time intervals preceding those that utilized FiSAT
were back-calculated with a growth rate of 0.5 mm d–1
multiplied by the number of days that separated the 2
mean sampling dates. This fall growth rate is reasonable as YOY bluefish tagged in New Jersey grew at
around 0.5 mm d–1 during September (Able et al.
2003). Cohort cut-off points following the winter had to
be projected forward due to growth. Direct estimates
of Age-1 bluefish growth by tagging has not been performed, so growth was estimated using Lassiter’s
(1962) von Bertalanffy growth functions. Lassiter
(1962) generated separate growth functions for springand summer-spawned bluefish. The spring-spawned
function was used for the Cohort 1/Cohort 2 cut-off
point and the summer-spawned function was used for
the Cohort 2/Cohort 3 cut-off (see Figs. 3 & 4). The
growing season for Age-1 bluefish was assumed to
start on April 1 as bluefish typically lay down their first
annulus by April (Barger 1990, P. J. Rudershausen et
al. unpubl. data). The von Bertalanffy function was
used to estimate the growth increment from the Age-1
growth check (April 1) to the mean sampling date for
each time interval.
Seasonal energy storage dynamics. Laboratory procedure: Juvenile bluefish were processed to quantify
energy storage from October through June for both the
2001 and 2002 year-classes. Whole liver and a sample
of epaxial white muscle were removed from each bluefish and individually frozen. A 4 to 5 g muscle sample
was removed when the size of the specimen permitted;
with smaller individuals the largest possible sample
was obtained. After dissection, muscle samples were
further processed by removing any attached red muscle or skin. Energy content of tissues was determined
by gravimetric analysis following Schultz & Conover
(1997). Tissue samples were desiccated in a drying
oven at 60°C until the weight stabilized (2 to 4 d) and
then neutral storage lipids were extracted in a Soxhlet
extractor using petroleum ether as a solvent. Following
extraction, tissue samples were combusted in a furnace
at 450°C for 24 h to determine lean tissue and ash content. The total energy in the liver and energy density of
wet muscle (kJ g–1) were calculated based on the
energy density values of lipid (39.565 kJ g–1) and protein (20.097 kJ g–1) reported in Brett & Groves (1979).

Since phospholipids and carbohydrates are minor constituents of fish tissues (Love 1980), lean tissue weight
was assumed to be protein.
Energy dynamics were analyzed in 3 ways to
describe temporal and size-based patterns in body
weight (whole wet weight of fish minus stomach contents), muscle energy density and liver energy. Due to
changes in sample length distributions among dates,
ANCOVA was used to address temporal changes for
each variable. To determine size-based energetic
advantages, allometric analysis was used for body
weight, and liver lipid and protein weight. Allometric
analyses could not be used to assess size-based patterns in muscle energy, as energy content from only a
subsample of white muscle was determined. Therefore, mean values of muscle energy density for each
cohort throughout the overwinter period were also
examined. Both ANCOVA and allometric analyses are
described in detail below. For both analyses, the
larger-bodied cohort (Cohort 1, see ‘Results’) was
excluded due to insufficient samples throughout the
year. Also, only time intervals with a range in bluefish
lengths of 60 mm or more and a sample size of at least
15 fish were examined (Table 1). Both trawl- and nontrawl-caught bluefish were used. Allometric relationships were examined to ensure that no biphasic patterns were present (Post & Parkinson 2001). Statistical
analyses were performed using STATISTICA ver. 6.1
(Statsoft 2004).
Analyses of temporal dynamics: Using fish length
as a covariate on a ln-ln transformed scale, the lengthadjusted mean of each dependent variable was compared across time intervals using ANCOVA. Planned
comparisons were used to test for significant differences between consecutive time intervals within
each ANCOVA model, and significance levels were
adjusted within each model using the standard Bonferroni technique (α × no. of tests–1). In addition to
comparing time intervals within a year, inter-annual
comparisons (2001 vs. 2002 year-classes) were made
with pre- and post-winter liver energy, muscle energy
density, and body weight. Inter-annual comparison
ANCOVA models were generated for each dependent
variable; each included November and April time
intervals for each year-class. Planned comparisons
were used to test for differences between year classes
for both months. All but 3 of the above ANCOVA
models failed to meet the assumption for homogeneity
of slopes across time intervals. Therefore separate
slope ANCOVA models were used with the exception
of liver energy for both year-classes and body weight
for the 2001 year-class, which had homogenous
slopes.
Analysis of seasonal allometries: Temporal changes
in size-based advantages were examined using allo-
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Table 1. Pomatomus saltatrix. Seasonal energy storage
dynamics. Mean and standard deviation for length, along
with minimum and maximum values, and sample size for
bluefish used for allometric analyses and ANCOVA models
during each time interval. Included is the adjusted mean
length for each ANCOVA model
Time interval
(mm/dd/yy)

Mean

SD

Min.

Max.

n

Body weight
2001 year-class
ANCOVA adjusted length = 183.4 mm
10/18–11/13/01
198.0
12.737
158
227
75
11/18–12/6/01
179.0
24.553
127
230
98
02/03–02/13/02
175.9
31.191
124
228
92
04/02–04/08/02
170.7
20.131
135
227
55
04/30–05/07/02
201.2
21.510
153
236
50
06/09–06/20/02
219.1
20.673
186
249
17
2002 year-class
ANCOVA adjusted length = 184.8 mm
11/03–11/25/02
193.0
32.150
136
263
147
12/12–12/17/02
157.1
25.807
106
242
95
03/22–04/14/03
202.3
42.219
131
261
69
04/24–05/21/03
230.0
39.953
155
271
22
05/29–06/22/03
209.3
32.075
176
283
27
Liver allometries and total energy
2001 year-class
ANCOVA adjusted length = 184.7 mm
10/18–11/13/01
198.4
14.805
158
225
41
11/18–12/06/01
174.6
25.752
127
218
53
02/03–02/13/02
172.4
30.869
124
225
46
04/02–04/08/02
175.5
21.374
135
227
38
04/30–05/07/02
202.2
21.806
153
236
47
06/09–06/20/02
219.1
20.673
186
249
17
2002 year-class
ANCOVA adjusted length = 187.7 mm
11/03–11/25/02
182.7
39.301
136
263
40
12/12–12/17/02
165.1
31.502
106
242
48
03/22–04/14/03
196.2
41.774
131
261
60
04/24–05/21/03
230.0
39.953
155
271
22
05/29–06/22/03
213.8
33.614
176
283
30
Muscle energy density
2001 year-class
ANCOVA adjusted length = 185.8 mm
10/18–11/13/01
198.8
14.022
158
225
43
11/18–12/06/01
174.5
26.522
127
230
55
02/03–02/13/02
172.5
30.631
124
225
35
04/02–04/08/02
176.4
21.651
135
227
37
04/30–05/07/02
203.5
21.336
153
236
45
06/09–06/20/02
219.1
20.673
186
249
17
2002 year-class
ANCOVA adjusted length = 188.3 mm
11/03–11/25/02
184.6
40.690
136
263
41
12/12–12/17/02
165.0
31.497
106
242
48
03/22–04/14/03
196.2
41.774
131
261
60
04/24–05/21/03
230.0
39.953
155
271
22
05/29–06/22/03
215.9
35.123
176
283
31

metric analyses. The allometric relationship between
length (L) and weight (W ) is described by the function:
W = aLb

(2)

where a and b are constants. This function is used to
describe the weight of the entire organism, organs, or
tissue components such as lipid and protein. The above
equation can be linearized with a log transformation
and analyzed with linear regression:

ln(W ) = ln(a) + b[ln(L)]

(3)

Growth in weight is termed isometric when b = 3, as
body form does not change with respect to length.
When the slope of the function is not equal to 3, weight
is allometric to length. Hyperallometric growth (b > 3)
results in higher weight for a given length with longer
individuals having disproportionately higher weight.
Conversely, hypoallometric growth (b < 3) results in
lower weight for a given length with longer individuals
having relatively less weight. Bluefish body weight,
liver lipid weight, and liver protein weight were each
related to fork length using ln-ln transformed linear
regression for each time interval. Slopes within each
season and tissue type were tested against the null
hypothesis of isometric growth using 2-tailed t-tests,
with Bonferroni-adjusted significance levels (α × no. of
tests–1).
Winter feeding dynamics. Stomachs were removed
from trawl-caught bluefish and fixed in 10% buffered
formalin. Prey were removed from stomachs, blotted
dry and weighed to the nearest 0.001 g. Gut fullness
was determined as the weight of the stomach contents divided by the weight of the bluefish without
prey. The influence of bluefish length on winter feeding was examined using 2 time intervals for each
year-class. Trawl-caught fish from December and
February were used for the 2001 year-class and
November and December for the 2002 year-class.
These months were chosen because of high sample
sizes and broad length distributions. These months
also allowed the examination of the effect of bluefish
size on feeding during a warmer fall month (>16°C)
and a cooler winter month (<13°C). Bluefish in each
time interval were separated into length bins of
101–150, 151–200, and 201–250 mm. Because gut
fullness values could not be transformed to meet
assumptions of parametric statistics, differences in
gut fullness between bins were analyzed using
Kruskal-Wallis ANOVA by ranks.
Negative size-selective mortality. Negative sizeselective mortality was examined using the cohort of
smallest body size (Cohort 3, see ‘Results’) by comparing length frequency distributions before and after the
winter. Assuming no growth or emigration during the
winter, an increase in the mean length and a decrease
in the coefficient of variation for a cohort of fish
between the 2 sampling intervals indicates selective
mortality of smaller individuals (Ricker 1969, Post &
Evans 1989). This analysis was restricted to the 2002
year-class because the 2001 year-class lacked a high
sample size of Cohort 3 in pre- and post-winter collections. The December and early-spring (March 22 to
April 14) time intervals were compared for the 2002
year-class using a t-test (mean) and F-test (variance).
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RESULTS
Seasonal abundance and cohort structure
During the 2001 to 2002 sampling season, 233 trawls
were completed capturing 873 bluefish from the 2001
year-class. A total of 181 trawls were performed during
2002 to 2003 capturing 848 bluefish from the 2002
year-class. Bluefish CPUE values were highest nearshore, as 95.5% of bluefish were captured within
1.6 km of shore. Temperature differences between the
2 sampling seasons were pronounced, with the winter
of 2002 to 2003 being more severe. Water temperatures were on average 2.2°C colder in 2002 to 2003
from December 1 through March 31 (3.5°C if March is
excluded), than the preceding winter (Fig. 2). Abundance of the 2001 year-class was highest in October
and declined concomitant with declining temperature
over the next 3 mo (Fig. 2a). In February temperature
increased slightly and the CPUE of bluefish increased
greatly; however, by March bluefish catch had
dropped to zero despite relatively mild temperatures
(Fig. 2a). Temperature increased over the following
2 mo along with bluefish CPUE (Fig. 2a). Abundance
patterns of bluefish differed during the more severe
2.4

(a) 2001 year-class

2.0
1.6
1.2

0.4
0.0
2.4

(b) 2002 year-class

2.0

Bluefish
Temperature

1.6
1.2
0.8
0.4
0.0

28
26
24
22
20
18
16
14
12
10
8

Seasonal energy storage dynamics

Temperature (°C)

ln(CPUE bluefish)

0.8

28
26
24
22
20
18
16
14
12
10
8

winter of 2002 to 2003. Catches were highest during
November and December, however only one member
of the 2002 year-class was captured in Onslow Bay
during January, February, and March (Fig. 2b). Following the winter, bluefish catches were high in April,
but dropped to moderate levels in May and June.
Three juvenile cohorts were commonly caught during both years of the study (Figs. 3 & 4). Cohorts were
labeled 1, 2, and 3 in order of decreasing fish length.
Based on hook-and-line catches, Cohort 1 and larger
members of Cohort 2 were present during the early fall
but occurred primarily in nearshore estuarine waters,
as trawl catches on the continental shelf were low
(Figs. 3a & 4a). By mid October to early November
Cohort 2 dominated trawl catches (Figs. 3b & 4b). By
November of each year, length distributions became
tri-modal, as a third cohort made up of smaller fish was
commonly caught (Figs. 3c & 4b). In the winter and the
following spring, trawl catches of Cohort 1 were typically very low, but hook-and-line catches revealed
their presence during the spring in nearshore waters
such as inlets (Figs. 3i & 4e,g). Cohort 3 dominated
catches during the winter and early spring for the 2001
year-class (Fig. 3e–h). Very few samples were obtained during the winter of 2002 to 2003, but the third
cohort dominated catches in late autumn and early
spring (Fig. 4c,e). During early May of 2002, a fourth
cohort consisting of smaller fish was captured (Fig. 3h).
Otolith analyses indicated that individuals from this
fourth cohort were members of the 2001 year-class.

Se Oc No De Ja Fe Ma Ap Ma Ju
p1 t 1 v c 1 n 1 b 1 r 1 r 1 y n 1
1
1

Date
Fig. 2. Pomatomus saltatrix. Monthly mean ln(CPUE) (± SE)
for young-of-the-year (YOY) bluefish captured by bottom
trawl in Onslow Bay, along with mean daily water temperature for (a) the 2001 year-class, and (b) the 2002 year-class.
Note separate y-axes for each variable

Muscle energy density by cohort
Energy levels in muscle tissue reached peak values by
November or December and energy density was highest
in Cohort 1 and lowest in Cohort 3 (Fig. 5). During both
overwintering periods, the greatest difference in energy
storage between the cohorts occurred during the fall.
During the winter, the difference in energy density between cohorts diminished as energy was depleted more
rapidly in cohorts consisting of larger bluefish. By February all 3 cohorts had similar values for muscle energy
storage for the 2001 year-class; this pattern persisted
through May (Fig. 5a). Similarly, the inter-cohort difference in energy storage for the 2002 year-class declined
dramatically from November to January (Fig. 5b). However, the 2002 year-class differed from the 2001 yearclass in the early spring. In April 2003 there was a
substantial size-based pattern in energy density; this was
due to the lower energy levels of Cohort 3 and higher
levels in Cohort 1 compared to the preceding year
(Fig. 5b).
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After adjustment to a common fish length using
ANCOVA, juvenile bluefish from Cohorts 2 and 3 combined exhibited significant temporal changes in liver
energy, muscle energy density, and body weight for
both year-classes (Table 2). Each variable reached
peak levels during the fall and exhibited significant
declines during the winter (Fig. 6). Following the winter, body weight recovered during the spring in both
years, but increases were only significant for the 2001

Non-trawl
Cohort 1 (a) 09/27–10/06/01

10 Cohort 2
5
0
5
10

Non-trawl = 59

10 Cohort 3

Cohort
2

Cohort 1 (b) 10/18–11/13/01

Trawl = 64

Non-trawl = 102
Cohort 2

5

(c) 11/18–12/06/01
Trawl = 131
Cohort 1

0
5
10

Non-trawl = 58

18 Cohort 2
12

(d) 12/13–12/21/01

6

Cohort 1

0
6
12

Non-trawl = 34

18
24
Cohort
18
3
12
6
0
6
12
18
24

Cohort 2

(e) 01/05–01/15/02
Trawl = 40
Cohort 1

12
0
14
0
16
0
18
0
20
0
22
0
24
0
26
0
28
0
30
0
32
0
34
0

Relative frequency

16 Cohort 3
12
8
4
0
4
8
12

Fork length (mm)

year-class. Muscle energy stayed fairly stable after the
initial decline in February during the winter of 2001 to
2002 (Fig. 6a). However, the 2002 year-class had an
increase in muscle energy density following the
decline in winter (Fig. 6b). Liver energy exhibited
further decline during the early spring for the 2001
year-class (Fig. 6a), but the 2002 year-class remained
stable after the winter months (Fig. 6b).
After adjusting to a common length between yearclasses using ANCOVA, bluefish from the 2001 yearclass had significantly higher muscle energy levels in
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Analyses of temporal dynamics

Fork length (mm)
Fig. 3. Pomatomus saltatrix. Length-frequency distributions of
YOY from the 2001 year-class captured in Onslow Bay, NC
and adjacent estuaries during each sampling period using
both trawl (above axis) and non-trawl (below axis) gear.
Dashed vertical lines indicate cut-off points between cohorts
1, 2, 3, and 4 for energy dynamics analyses. Time intervals
where FiSAT software was used include normal curves used
to determine cut-off points. Dates are mm/dd/yy
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November and April than the 2002 year-class
(November: df = 1, F = 37.441, p < 0.001; April: df = 1,
F = 16.401, p < 0.001). Differences between yearclasses in November liver energy were not significant
(df = 1, F = 0.010, p = 0.920), however the 2001 yearclass had greater liver energy levels in April (df = 1,
F = 12.220, p < 0.001). Conversely, comparing body
weight of the 2 year-classes revealed that the 2002
year-class had a higher pre- and post-winter lengthadjusted body weight, but differences were only significant during the fall (November: df = 1, F = 15.473,
p < 0.001; April: df = 1, F = 3.093, p = 0.079). However,
these contradictory results for body weight are likely
to be a result of body weight peaking earlier than the
time interval that was used for the 2001 year-class
(Fig. 6a).

Fork length (mm)
Fig. 4. Pomatomus saltatrix. Length-frequency distributions of
YOY from the 2002 year-class captured in Onslow Bay, NC and
adjacent estuaries during each sampling period using both
trawl (above axis) and non-trawl (below axis) gear. Dashed vertical lines indicate cut-off points between cohorts 1, 2, and 3 for
energy dynamics analyses. Time intervals where FiSAT was
used include normal curves used to determine cut-off points.
Eight of the fish from January were captured by the US Fish and
Wildlife Service (USFWS) cooperative winter tagging cruise off
Hatteras Inlet. Dates are mm/dd/yy

Analyses of seasonal allometries
Seasonal allometries for body weight were hyperallometric throughout the overwinter period for both
year-classes. However, values were only significant
during the late fall and winter for the 2001 year-class
(Fig. 7a) and all time intervals but May for the 2002
year-class (Fig. 7b). Liver lipid and protein weight
allometries exhibited much greater seasonal change
than body weight. Additionally, variations in liver lipid
and protein weight allometries were much higher than
for body weight, which resulted in only 1 time interval
with allometries significantly different from isometric
growth. There was a trend for hyperallometric relationships for liver lipid and protein weight during the
fall of both years followed by declining values during
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Fig. 5. Pomatomus saltatrix. Mean (± SE) wet muscle energy
density by cohort of YOY captured in Onslow Bay, during
each time interval for (a) the 2001 year-class and (b) the 2002
year-class

the winter (Fig. 7). The 2001 year-class exhibited
stable allometries for liver constituents after the initial
winter decline until June, when slopes increased
(Fig. 7a). For the 2002 to 2003 season, liver lipid was
significantly hypoallometric following winter, and then
increased in May. Liver protein weight never fell
below isometry for the 2002 year-class (Fig. 7b). In
general, larger fish had disproportionately greater

Fig. 6. Pomatomus saltatrix. Length-adjusted means (± SE) for
liver energy, muscle energy density, and body weight of YOY
from Cohorts 2 and 3 combined for (a) the 2001 year-class,
and (b) the 2002 year-class. Bluefish were captured in Onslow
Bay. Note separate y-axis for each dependent variable. Like
letters within (a, b, c, d) each year-class and variable indicate
no significant difference between adjacent time intervals,
determined with planned comparisons. Note that each yearclass is adjusted to a different length so comparing values
between year-classes is not appropriate

body weight throughout the sampling period. Also,
larger fish had advantages in liver lipid and protein
weight during the fall. However, during the winter and
early spring, smaller fish had greater liver lipid
reserves in both years, and greater protein content for
one of the two years.

Winter feeding dynamics
Table 2. Pomatomus saltatrix. Analyses of covariance models
for the seasonal energy storage and body weight of the 2001
and 2002 year-classes of bluefish with ln(fork length) as
covariate. Only Cohorts 2 and 3 were included in the analyses
Dependent variable
2001 year-class
ln(liver energy)
ln(muscle energy)
ln(body weight)
2002 year-class
ln(liver energy)
ln(muscle energy)
ln(body weight)

F

Effect

df

SS

p

Month
Month
Month

5
5
5

10.270
00.131
01.200

06.80 < 0.001
05.17 < 0.001
44.00 < 0.010

Month
Month
Month

4
4
4

14.080
00.066
00.100

22.30 < 0.001
05.03 < 0.001
03.00 < 0.022

Seasonal trends in gut fullness generally followed
the pattern of temperature changes throughout the
overwinter period for the 2001 year-class, with peak
values in November (Fig. 8a). However, gut fullness
values in April were an exception, with low values
despite temperature increases. For the 2002 year-class,
gut fullness also peaked in November, but gut fullness
values were moderate in the remaining months with
no distinct relation with temperature (Fig. 8b).
Kruskal-Wallis ANOVA revealed no significant effect
of bluefish length on gut fullness during December of
2001 (df = 2, n = 81, H = 4.583, p = 0.101). However,
length did have a significant effect on gut fullness for
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the 2001 year-class in February (df = 2, n = 102, H =
7.732, p = 0.021); bluefish of intermediate length (151
to 200 mm) had higher gut fullness values. Bluefish
from the 2002 year-class had significant effects of
length on gut fullness during November (df = 2, n =
114, H = 6.997, p = 0.030) and marginally significant
effects during December (df = 2, n = 95, H = 5.651, p =
0.059); median gut fullness values increased with
increasing length for each month.

(a) 2001 year-class
Body weight
Liver lipid
Liver protein

5
4

*

Allometric slope

3

*

2
1
6

Negative size-selective mortality
(b) 2002 year-class

5
4
3

*

2
1

*

*

*

*

Negative size-selective overwinter mortality was
evident for Cohort 3 during the winter of 2002 to 2003.
The mean length of trawl-caught fish increased significantly from 146.6 to 157.5 mm (t = 7.699, df = 455, p <
0.001), variance decreased (F = 2.315, df = 455, p <
0.001), and the coefficient of variation decreased from
8.71 to 5.33 between December 2002 and April 2003
(Fig. 4c,e).
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Fig. 7. Pomatomus saltatrix. Allometric slopes (± SE) for YOY
from Cohorts 1 and 2 combined for body weight, liver lipid
weight, and liver protein weight during each time interval for
(a) the 2001 year-class, and (b) the 2002 year-class. Bluefish
were captured in Onslow Bay. #: Time intervals with a slope
significantly different from 3 (dotted line)
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may be the most tolerant of low temperatures as it was
typically the only cohort caught in large numbers
when temperature dropped below 13°C. The energetic
cost of migrating to warmer areas may be too great for
smaller bluefish; they may instead remain in cooler
water to suppress metabolic rates and minimize
energy loss. Therefore the overwintering distribution
for YOY bluefish may depend on body size.
The decreases in abundance of each cohort as temperature drops may be the result of an offshore or a
southward migration. Offshore migration probably
plays a critical role, as the proximity of the Gulf Stream
creates a strong temperature gradient on the continental shelf in the SAB. Further, nearshore waters to the
south of Onslow Bay during the winter months have
similar or lower temperatures than southern North
Carolina (Atkinson et al. 1983). On January 22, 2003,
the US Fish and Wildlife Service collected members of
Cohorts 1 and 2 (n = 8) in waters to the north of our
sampling area where the influence of the Gulf Stream
is stronger (Fig. 4d). This was during the most severe
part of the winter in our sampling area when temperatures fell below 9°C and only one bluefish was caught
during adjacent sampling periods (Fig. 2b). Despite
this evidence, for each year-class, no bluefish (trawl)
were captured in March despite suitable temperatures.
This may be due to bluefish selecting warmer temperatures further from shore as the winter ends, or the
result of a southward component to winter migration,
which delays their return to Onslow Bay.
The present study has provided support for a growing
consensus of more complicated recruitment patterns in
YOY bluefish than previously thought. When this study
was initiated, length-frequency distributions of Age-0
bluefish had consistently been described as bimodal,
consisting of spring- and summer-spawned bluefish
(McBride & Conover 1991, Munch & Conover 2000).
However, 3 recent studies have identified at least 3 cohorts of YOY bluefish (Able et al. 2003, Wilber et al.
2003, Taylor & Able 2006). In the MAB these additional
cohorts are likely the result of multiple peaks in summer-spawning activity (Taylor & Able 2006).
It remains uncertain if the 3 cohorts observed in this
study corresponded to those recently described in the
MAB as spring, early-summer, and late-summer
spawned (Wilber et al. 2003). Therefore, the 3 cohorts
in the present study were labeled numerically. Two
plausible scenarios of cohort structure for these data
are apparent. The first scenario is that Cohort 3 was a
late-summer cohort and the other 2 cohorts represented early-summer (Cohort 2) and spring-spawned
(Cohort 1) bluefish, as has been described in the MAB
(Wilber et al. 2003). The second scenario is that the
late-summer cohort was not captured in the present
study and that Cohort 3 was composed of summer-
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spawned individuals while the 2 larger cohorts were
subcohorts of spring-spawned bluefish. Daily aging of
YOY bluefish during the fall as well as estimating
growth during fall months would aid in understanding
cohort structure during the winter.

Seasonal energy and feeding dynamics
Larger juvenile bluefish possess an advantage in
energy storage when entering winter. This increase in
relative energy stores with increasing length is a common trend observed in fish during the fall (Schultz &
Conover 1997, Post & Parkinson 2001, Hurst & Conover
2003). The accumulation and subsequent depletion of
energy stores in both muscle and liver tissue suggest
both are important storage depots. Laboratory evidence also suggests white muscle and liver as important storage depots, along with viscera, red muscle,
and skin (Slater et al. 2007). The seasonal patterns in
energy storage are strongly affected by changes in
lipid content, due to its high-energy value and seasonal variability. However, the importance of protein is
also evident for bluefish by changes in liver protein
allometries between months, which suggests mobilization of liver protein during the winter by larger fish.
Liver protein has been shown to be an important
source of energy reserves in other species (Black &
Love 1986). Further, lean tissue in striped bass has
been shown to account for 36 to 66% of total energy
lost during the winter (Hurst & Conover 2003).
The observed size-based advantage in energy storage during the fall may be due to different allocation
strategies for energy consumed, with smaller fish
putting more energy into growth and larger fish storing
energy. The reason for different allocation strategies
may be the relative risks of predation mortality and
starvation mortality during the winter (Post & Parkinson
2001). Smaller individuals may gain a greater survival
advantage in gaining size and becoming less vulnerable to predation (Sogard 1997). Conversely, larger individuals invoke an energy storage strategy for winter
survival and apportion a greater amount of ingested
energy to storage rather than growth.
While larger individuals had relatively greater
energy stores in the fall, this energetic advantage
declined during the winter because the rate of energy
depletion increased with increasing bluefish length.
These results are contradictory to prior observations
in overwintering starvation experiments, whereby
smaller fish exhausted their energy stores more rapidly
than larger fish (Post & Evans 1989, Schultz & Conover
1999, Sogard & Olla 2000). Further, overwintering field
studies on striped bass (Hurst & Conover 2003) and
Atlantic silversides (Schultz & Conover 1997) have
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found larger fish to have disproportionately greater
energy stores throughout the overwintering period.
The unusual energy depletion patterns observed in
our data are not likely to be an artifact of sampling different portions of the population each month, because
similar energy depletion patterns were observed in a
laboratory experiment when fish were fed (Slater et al.
2007). Slater et al. (2007) determined that while larger
bluefish started the winter with more energy reserves,
by early spring there was no difference in energy
reserves between cohorts when food was provided.
When starved, bluefish depleted energy at similar
rates regardless of size (Slater et al. 2007).
There are 3 plausible mechanisms by which smaller
bluefish may exhibit lower energy depletion rates.
First, if smaller bluefish are depleting energy stores
more slowly during the winter, a higher feeding rate
may be expected to offset the higher metabolic needs of
smaller fish (Post & Lee 1996, Schultz & Conover 1999).
If this were the case, gut fullness should increase with
decreasing length. However, the opposite trend was
observed, with larger fish feeding more during 3 of the
4 mo examined. This is not surprising during the winter
months examined as any size-based trends in energy
storage had already disappeared. However, during the
fall months examined, size-based differences in energy
storage were the most pronounced.
It is possible that the small bluefish surviving in the
spring were those individuals able to feed successfully
during the winter, and that the overall mortality of
smaller bluefish was high. If smaller bluefish with
relatively low energy stores experienced a higher
mortality rate, the rate of energy depletion in smaller
fish would not seem as great. The pattern of smaller
fish depleting energy more slowly has been observed
in other systems. Eckmann (2004) observed this pattern in perch and found no evidence of negative sizeselective mortality, indicating that energy depletion
rates were not an artifact of mortality. Paul et al. (1998)
found smaller Alaskan Pacific herring to deplete
energy more slowly, but it is unclear if this pattern was
influenced by mortality, as evidence of negative sizeselective mortality was present (Foy & Paul 1999).
The reason smaller bluefish do not exhibit increased
feeding levels may also be due to sized-based winter
migration strategies. Paul et al. (1998) examined overwintering Pacific herring and discussed the possibility
of smaller individuals depleting less energy during the
winter by limiting movement and remaining in cooler
water than larger fish. Also, Atlantic salmon in the laboratory during winter months actively choose cooler
temperatures (Morgan & Metcalfe 2001) and experience a reduction in appetite despite conditions that
would allow feeding and growth to occur (Metcalfe &
Thorpe 1992). We suggest that larger YOY bluefish

may inhabit warmer areas during the winter while
smaller fish remain in cooler waters and experience
lower rates of feeding and energy depletion. Further,
larger bluefish may undertake more extensive winter
migrations, which would require more energy reserves
at the onset of winter and a greater energy depletion
rate as winter progressed.

Overwinter mortality
Our results do not support the hypothesis that summer-spawned bluefish contribute little to the adult
population. Evidence for negative size-selective mortality of Cohort 3 was found during the more severe
winter of 2002 to 2003, but it did not occur at a great
enough magnitude to eliminate the entire cohort. The
presence of Cohorts 2 and 3 during the spring of both
years suggests that relatively small bluefish do survive
the winter. Also, based on comparison with a laboratory starvation experiment, small bluefish collected in
the wild never approached critical energy reserves
associated with mortality (Slater et al. 2007). Further,
summer-spawned bluefish (Cohort 2) displayed over
90% survival after 4 mo in the laboratory without food
(Slater et al. 2007). However, the magnitude of overwinter mortality in the field remains uncertain because
no single cohort was captured consistently enough to
estimate winter mortality rates using catch curve
analysis.
It is unlikely that the increase in mean length and decrease in variation of Cohort 3 from late-fall 2002 to
early spring 2003 was due to growth, since there was
not an increase in the right tail of the length distribution. Further, the lower end of the distribution increased by around 25 mm, and it is unlikely that these
smaller fish grew during such a severe winter. Other
studies that have examined negative size-selective
mortality were conducted in more closed systems that
limited the possibility of migration, thus biasing results.
It is possible that the negative size-selective mortality
observed in the present study was due to size-based
migration into Onslow Bay. Also, the smaller bluefish
from Cohort 3 may have utilized habitats closer to shore
than those we sampled during the spring.
Temperature differences between the 2 winter seasons
provided an opportunity to examine how winter severity
may affect juvenile bluefish overwinter survival. The effects of the harsher winter of 2002 to 2003 on juvenile
bluefish can be seen in a number of ways. There was a
sharp decline in water temperature from November to
December 2002, which was not observed during 2001.
This sharp decline may have led to the lower energy reserves observed during the fall for the 2002 year-class.
Further, given their extended absence from Onslow Bay
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during the more severe winter, juvenile bluefish may migrate greater distances to avoid stressful temperatures
during harsh winters. A more extensive migration may
involve greater energetic costs. Bluefish following the
more severe winter of 2002 to 2003 had significantly
lower liver and muscle energy stores than the preceding
year-class. Last, the greater winter energy deficit experienced by the 2002 year-class may have influenced mortality. Winter severity has been shown to be an important
factor in survival of YOY of other species including brook
trout (Hunt 1969) and striped bass (Hurst & Conover
1998). The influence of winter severity on YOY bluefish
survival has yet to be examined.

thought. In order to assess the relative contribution of
each cohort to the adult population, cohort structure of
YOY bluefish needs to be more clearly understood to
interpret back-calculated Age-1 length distributions.
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Implications
To our knowledge this is the first overwintering field
study to examine a species with the migratory capabilities of bluefish. Previous studies have examined closed
systems or species that are restricted to a much smaller
latitudinal range during the winter. We provide evidence that overwinter mortality in juvenile bluefish exerts a selective pressure, despite their ability to migrate
to warmer areas during the winter season. This is evident in the seasonal build up and depletion of energy
reserves during the overwinter period. The added energetic cost of migration in bluefish likely influences the
need for increased energy storage prior to the winter
season. Moreover, prey abundance has been shown to
decline during the winter months off North Carolina
(Morley 2004). Reduced prey abundance coupled with
low temperatures inhibiting feeding likely prevent
overwintering bluefish from meeting energetic demand. Consequently, bluefish depend on energy reserves to survive the winter. However, many aspects of
the overwinter ecology of bluefish remain uncertain.
We were unable to capture large numbers of each cohort throughout the overwintering period and the
range and distribution of each cohort in the SAB during
the winter has not been examined. In order to better
understand the magnitude and dynamics of overwinter
mortality additional effort is required including sampling areas extending over a greater portion of the SAB.
It has been suggested that only spring spawned bluefish be considered when quantifying juvenile abundance for recruitment indices (Conover et al. 2003).
Based on catches of small bluefish following the winter
season, our results do not support this suggestion.
While negative size-selective mortality may occur in juvenile bluefish, it is not a suitable explanation for the
unimodal back-calculated Age-1 length distributions
observed in previous studies (Chiarella & Conover
1990, Conover et al. 2003). Our work has shown that
bluefish recruitment is more complex than previously
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