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Abstract—Piscivorous fishes, many
of which are economically valuable,
play an important role in marine
ecosystems and have the potential to
affect fish and invertebrate popula-
tions at lower trophic levels. There-
fore, a quantitative understanding of
the foraging ecology of piscivores is
needed for ecosystem-based fishery
management plans to be successful.
Abundance and stomach contents of
seasonally co-occurring piscivores
were examined to determine overlap
in resource use for Summer Floun-
der (Paralichthys dentatus; 206—670
mm total length [TL]), Weakfish
(Cynoscion regalis; 80-565 mm
TL), Bluefish (Pomatomus saltatrix;
55-732 mm fork length [FL]), and
Striped Bass (Morone saxatilis; 422—
920 mm FL). We collected samples
from monthly, fishery-independent
trawl surveys conducted on the in-
ner continental shelf (5-27 m) off
New Jersey from June to October
2005. Fish abundances and overlaps
in diet and habitat varied over this
study period. A wide range of fish
and invertebrate prey was consumed
by each species. Diet composition
(determined from 1997 stomachs
with identifiable contents) varied
with ontogeny (size) and indicated
limited overlap between most of the
species size classes examined. Al-
though many prey categories were
shared by the piscivores examined,
different temporal and spatial pat-
terns in habitat use seemed to alle-
viate potential competition for prey.
Nevertheless, the degree of overlap
in both fish distributions and diets
increased severalfold in the fall as
species left estuaries and migrated
across and along the study area.
Therefore, the transitional period of
fall migration, when fish densities
are higher than at other times of the
year, may be critical for unraveling
resource overlap for these seasonally
migrant predators.
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Predator species and their interac-
tions with prey and other predator
species play an important role in
determination of the structure and
function of ecosystems (Schmitz,
2007; Braga et al., 2012)—an espe-
cially important concern because
populations of many predators have
declined in abundance (Myers and
Worm, 2003; Heithaus et al., 2008).
In marine ecosystems, piscivorous
fishes have the potential to affect
fish and invertebrate populations at
lower trophic levels. In some cases,
direct removals of prey resources by
piscivorous fishes have been shown
to rival or even exceed the remov-
als by commercial fisheries (Buckel
et al., 1999c¢; Overholtz et al., 2000;
Overholtz and Link, 2007). There-
fore, fish trophic ecology is relevant
to several aspects of fisheries man-
agement (Link, 2002). With the gen-
eral move toward multispecies and
ecosystem-based approaches to fish-
eries management, there is a need
for more comprehensive information
on food web structure, interspecific

trophic interactions, and predator
movements (Andrews and Harvey,
2013).

In temperate zones, many coastal
marine fishes undergo large-scale
seasonal and ontogenetic shifts in
their spatial distribution. Examples
from the east coast of the United
States include species that migrate
north to New England in summer
and south to the Carolinas in winter
(e.g., Striped Bass [Morone saxatilis]
and Bluefish [Pomatomus saltatrix])
and species that move inshore in
summer and offshore in winter (e.g.,
Summer Flounder [Paralichthys den-
tatus] and Weakfish [Cynoscion rega-
lis]) (Able and Fahay, 2010). Further,
many temperate, estuarine-depen-
dent species in the Middle Atlantic
Bight leave estuaries in the fall of
their first year to avoid cold winter
temperatures (Able and Fahay, 1998;
2010). Many of these young-of-the-
year (YOY) fishes are piscivorous
and their egress from estuaries to
coastal waters acts to concentrate
them in time and space with other
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species or size classes, increasing the potential for both
interspecific and intraspecific interactions. Interspe-
cific competition and resource partitioning have been
well documented for fish species in freshwater systems
(Persson et al., 1999; Sutton and Ney, 2002; Bellgraph
et al., 2008), where the potential for interactions may
be greater than it is in marine systems given the closed
nature of freshwater systems and fish populations.
This interspecific competition and resource partition-
ing may apply to some degree in estuaries as well, as
has been reviewed for European estuaries (Elliot and
Hemingway, 2002). In contrast, because of the openness
of marine populations and the ability of individuals to
move great distances, interspecific competition in most
marine systems likely is highly variable in time and
space, making it more difficult to document and study
interspecific competition in marine systems than in
freshwater populations.
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Summer Flounder, Weakfish, Bluefish, and Striped
Bass are important commercial and recreational spe-
cies in New Jersey and elsewhere on the east coast
of the United States. These species co-occur seasonally
and feed on similar prey, indicating potential for com-
petitive interactions. However, studies of food habits
for these species generally have focused on estuarine
collections (Gartland et al., 2006; Latour et al., 2008)
or have been limited to seasonal, offshore (at depths
of 5—-400 m) collections aggregated over multiple years
(Buckel et al., 1999b, Garrison and Link, 2000a, 2000Db;
Link et al., 2002; Overton et al., 2008; Woodland et
al., 2011). Further, most prior studies on these spe-
cies typically have focused on a single (Gartland et al.,
2006; Latour et al., 2008) or a pair of species (Buckel
and McKown, 2002; Buckel et al., 2009). Because of
the spatial and temporal variability in competitive
interactions between migratory fishes, studies span-
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Figure 1

(A) Study area where Summer Flounder (Paralichthys dentatus), Weakfish (Cynoscion regalis), Bluefish (Poma-
tomus saltatrix), and Striped Bass (Morone saxatilis) were sampled in 2005 along the northeastern coast of the
United States for a 5-month study of habitat and diet overlap of these 4 piscivorous fishes and (B) sample col-
lection area off New Jersey with the 15 strata outlined (strata were defined on the basis of latitudinal boundar-
ies and depth contours of 9, 18, and 27 m). In June, August, and October, all strata were sampled. In July and
September, only strata indicated with diagonal lines were sampled.
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ning multiple years, such as many of the ones listed
above, potentially blur or miss finer-scale interactions
that occur over shorter intervals. Therefore, to evalu-
ate potential interactions between mobile, seasonally
migratory species, information on spatial distributions
and food habits is needed at finer spatial and temporal
scales (Rudershausen et al., 2010). Although resource
overlap among Summer Flounder, Weakfish, Bluefish,
and Striped Bass has been indicated by or inferred in
prior studies (Garrison and Link, 2000b), often over
broad areas or time periods, a rigorous evaluation of
these interactions at a more relevant ecological scale
is lacking.

The objectives for this study were to compare habi-
tat use and food habits of 4 common predators of the
Middle Atlantic Bight over the course of a 5-month
period of co-occurrence in nearshore (inner continen-
tal shelf) waters. The degree of overlap in both habi-
tat and diet between different size classes of these 4
predators was quantified to determine resource overlap
at a fine spatial and temporal scale.

Materials and methods

The distribution, abundance, and diet of Summer
Flounder, Weakfish, Bluefish, and Striped Bass were
evaluated from 20-min bottom trawls (30-m headrope,
6-mm codend liner [Byrne, 1994; Wuenschel et al.,

2012]) conducted in inner continental shelf waters of
New Jersey in collaboration with the Bureau of Ma-
rine Fisheries of the New Jersey Department of En-
vironmental Protection. Through the use of a depth-
stratified random sampling design, samples were taken
during daylight hours at depths of 5 to 27 m along
the New Jersey coast from the entrance of New York
Harbor to the entrance of Delaware Bay (Fig. 1). The
survey area was divided into 15 strata (Fig. 1) on the
basis of latitudinal boundaries and depth contours (9,
18, and 27 m; Byrne, 1994). In June, August, and Oc-
tober 2005, all depths and strata were sampled with
2 tows per strata, plus 1 additional tow in each of the
9 largest strata (39 tows, Table 1; see Byrne 1994 for
details). In the intervening months (July and Septem-
ber), sampling was undertaken with a bottom trawl
net, bridles, and towing cables that were identical to
the ones used in June, August, and October and were
fished from the same vessel (RV Seawolf, SUNY Sto-
nybrook) used during the other months, but because of
constraints on vessel time, sampling was limited to 2
or 3 tows in nearshore and mid-shore depths for all but
the northernmost and southernmost strata (18 tows,
July; 12 tows, September; Table 1, Fig. 1). Representa-
tive subsamples, with a mean of 8.4 (9.6 standard de-
viation [SD]) per species per tow, of Summer Flounder,
Weakfish, Bluefish, and Striped Bass were selected to
cover the range of lengths of fish collected in a given
tow for analysis of gut contents. Stomachs were re-

Table 1
Summary of samples collected in 2005 off the coast of New Jersey for this study of habitat and diet overlap of 4 piscivorous
fishes. Collection month and sampling effort (numbers of tows in parentheses), numbers of fish collected, stomachs analyzed
in the laboratory, and stomachs with prey in the gut for small, medium, and large Summer Flounder (Paralichthys dentatus),
PdS, PdM, PdL; small, medium, and large Weakfish (Cynoscion regalis), CrS, CrM, CrL; small and large Bluefish (Pomatomus
saltatrix), PsS, PsL; and Striped Bass (Morone saxatilis), Ms.
PdS PdM PdL CrS CrM CrL PsS PsL Ms
June (39) Fish collected 85 170 80 1 774 1 9 4 7
Stomachs analyzed 47 63 35 0 46 1 0 6 0
Stomachs with prey 30 42 26 0 42 1 0 4 0
July (18) Fish collected 134 296 61 64 6319 0 48 3 0
Stomachs analyzed 72 153 51 0 125 0 21 3 0
Stomachs with prey 39 74 12 0 116 0 18 3 0
August (39) Fish collected 302 950 148 2587 4232 31 890 23 214
Stomachs analyzed 71 245 108 100 109 7 150 20 27
Stomachs with prey 64 178 62 929 84 5 105 17 11
September (12)  Fish collected 29 783 116 17,836 11,752 189 2370 6 0
Stomachs analyzed 4 117 22 134 58 5 185 5 0
Stomachs with prey 3 74 8 96 45 5 147 2 0
October (39) Fish collected 12 192 31 9746 10,275 1786 616 70 123
Stomachs analyzed 6 134 26 172 93 86 156 67 89
Stomachs with prey 3 79 13 130 75 66 130 52 37
All months (147) Fish collected 562 2391 436 30,234 33,352 2007 3927 112 344
Stomachs analyzed 200 712 242 406 431 99 512 101 116
Stomachs with prey 139 447 121 325 362 77 400 78 48
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moved immediately after capture and preserved in for-
malin for laboratory analysis. In some months, tagging
and releasing Striped Bass was a higher priority than
determining stomach contents; therefore, all fishes cap-
tured were not available for diet analysis.

To account for size-related changes in habitat use
(Able and Fahay, 2010), diet composition within species
(Garrison and Link, 2000b), and interactions across
species (Buckel and McKown, 2002), species were split
into multiple size classes when data permitted: small
(Summer Flounder: 200-300 mm total length [TL];
Weakfish: 80-200 mm TL; Bluefish: 55-300 mm fork
length [FL]), medium (Summer Flounder: 301-400 mm
TL; Weakfish: 201-350 mm TL), and large (Summer
Flounder: 401-670 mm TL; Weakfish: 351-565 mm TL;
Bluefish: 301-732 mm FL). For Striped Bass, a single
size class was used because of limited sample sizes, the
absence of prior evidence for ontogenetic shifts beyond
the YOY stage (Walter et al., 2003), and the relatively
large sizes of our specimens (422-920 mm FL).

Diet analysis

In the laboratory, preserved stomachs were carefully
opened and the contents transferred to a solution of
rose bengal stain and 95% ethyl alcohol. Prey items
were identified to the lowest practical taxonomic level
by using available keys and guides for the Mid-Atlantic
region (Weiss, 1995; Able and Fahay, 1998) and enu-
merated. For each stomach, abundant or large prey
types were sorted and placed on preweighed filter pa-
pers or aluminum weighing pans and dried to a con-
stant weight (+0.0001 g) in a drying oven (70°C). Dry
weights were chosen because they are more representa-
tive of nutritional value and have less weighing error
than wet weights (Hyslop, 1980), especially for small
or partial prey (Carr and Adams, 1972). For small and,
therefore, hard-to-separate prey items (e.g., copepods
and mysids), an aggregate sample was dried and the
percent contribution by volume of different prey types
was recorded and later converted to weights. Through
the use of this protocol, prey-specific dry weights were
obtained directly for larger prey or estimated from ag-
gregate samples of smaller, mixed prey items for each
stomach analyzed.

Trawl collections yielded “clusters” of individuals
within species and size classes per location; therefore,
the percent contribution by weight of prey items was
calculated with the following cluster sampling estima-
tor (Buckel et al., 1999a; 1999b; Gartland et al., 2006).
For a given size class of a predator, the percent contri-
bution by weight of each prey type & (%Wy) to the diet
was calculated with the following equation:

n
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2 M;
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Wi .

W/i b
n = the number of trawls;
M; = the number of species size class sampled
per tow i;
w; = the total dry weight of all prey in stomachs
for that species size class in tow I; and
wik = the total dry weight of prey type k&
in all stomachs for that species size class
collected in tow i.

i
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®
=
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To facilitate analysis, prey items were grouped into
the following general categories: squids (predominantly
Loligo spp.), decapod crustaceans (including swimming
crabs, sand crabs, rock crabs [Cancer borealis and C. ir-
roratus], spider crabs, hermit crabs, decapod zoea, and
shrimps [predominately Crangon septemspinosa and
Palaemonetes sp.]), nondecapod crustaceans (including
amphipods, isopods, cumaceans, mysids, and mantis
shrimp), bivalves (clams and periwinkles), fishes (44
species identified), worms and wormlike organisms
(nematodes, polychaetes, annelids, and leeches), and
other unidentified (UID) items (inorganic matter, or-
ganic matter, eggs, and insects). In addition, prey items
(species or higher taxa) that contributed on average
>5% by weight to the overall mean diet of a species
size class were included as additional prey categories.
Therefore, if Bay Anchovy (Anchoa mitchilli) composed
>5% of the diet for a given species size class in any
month, it was included as a prey category and the cat-
egory “fishes” represented all remaining fish prey that
contributed <5% to the diet of that species size.

The cumulative trophic diversity was calculated for
each species size class to determine whether the sample
sizes that were analyzed were sufficient to describe the
diet of a given species size class in each month (Ferry
and Cailliet, 1996; Cortés, 1997; Braccini et al., 2005;
Belleggia et al., 2008). The Shannon-Wiener index (H"),
which describes entropy on the basis of information
theory, was calculated as each stomach that contained
prey was added to the analysis for 100 randomizations
of the data for each species size class:

S
H'=-% (p) - (log. py), (2)

=1

where S = the number of prey categories; and

the proportion of the cumulative (total) sam-
ple (gut contents) represented by the ith
prey category.

i)
I

Following Jost (2006), H was converted to effective
number of species (exp(H’)), a true diversity. Only
groups (monthly species size classes) with mean tro-
phic diversity curves that appeared asymptotic or with
>40 sampled guts were included in the similarity anal-
ysis (described in the next paragraph).

To evaluate the degree of similarity in diets between
species and size classes, nonmetric multidimensional
scaling (nMDS) and hierarchical clustering were used
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within each month and across all months (PRIMER-E,
Ltd., Plymouth, UK!). The nMDS data were calculated
as the percentage of diet by weight for each month and
each species-size-class combination and were log-trans-
formed before use in the Bray-Curtis index to construct
the sample similarity matrix. Group-average hierarchi-
cal clustering was then used to identify those predators
that had dietary similarities at the 60% level following
Jaworski and Ragnarsson (2006) and Clarke and War-
wick (2001).

Habitat and diet overlap

Habitat and diet overlap between pairs of species size
classes were determined through the use of Schoener’s
index (Schoener 1970). This index was calculated with
this equation:

a=1-05(3| pij - pik|), 3)
i=1

which shows the overlap (o), where pij and pik are the
proportions of the ith resource (trawl station or prey
proportion) used by species j and k, respectively. Index
values range from 0 to 1, with values >0.6 representing
biologically important overlap in resource use (Wallace,
1981; Buckel and McKown, 2002; Bethea et al., 2004).

Results
Spatial distribution, abundance, and sizes

The spatial distribution, abundance, and size distribu-
tion for each of the 4 predators were variable over the
course of our 5-month study (Table 1, Figs. 2 and 3).
Summer Flounder were the most consistently collected
species throughout this study. They were distributed
throughout our study area, with a slight shift in abun-
dance from offshore to inshore in summer followed
by the reverse in fall. The size distribution of Sum-
mer Flounder was relatively constant, with individu-
als of 206-670 mm TL representing a broad range of
age classes (YOY to 4+) collected from June to Octo-
ber. Weakfish (80-565 mm TL) also were collected con-
sistently, with greater abundances occurring inshore.
Catches of Weakfish in June and July were dominated
by larger size classes (>200 mm TL), with smaller size
classes (YOY or 1+, €200 mm TL) becoming abundant
from August to October. Similarly, Bluefish (55—-732 mm
FL) were most abundant inshore. They were dominat-
ed by larger size classes (>300 mm FL) in June, with
smaller size classes (<300 mm FL) becoming abundant
inshore from July to October.

Striped Bass, which were typically larger (422-920
mm FL) than the other 3 species (Fig. 3), were less
abundant and highly variable in time and space. In

1 Mention of trade names or commercial companies is for iden-
tification purposes only and does not imply endorsement by
the National Marine Fisheries Service, NOAA.

June and August, collections of Striped Bass were lim-
ited to the northernmost strata of the sample area. No
Striped Bass were collected in July and September,
likely because the northern strata were not sampled
during those months. In October, Striped Bass were
distributed throughout our study area. In all months in
which they were collected, they were typically inshore.

Diet analysis

Because of limited or zero abundance of some species
size classes in some months (described previously),
sampling limitations, and the occurrence of empty
stomachs, adequate food habit information was not ob-
tained over all species size classes or months. The rela-
tive contributions of prey types to the diets for species
size classes in each month are summarized in Table 2
(species size classes with insufficient samples sizes to
be included in subsequent analyses are presented). For
the groups that were considered adequately sampled
for diet description (Fig. 4) and, therefore, included in
the cluster analysis, the cumulative trophic diversity
curves indicated that sample sizes of 30—40 guts were
sufficient to characterize the diet in most cases. How-
ever, for some monthly species size classes (e.g., me-
dium Weakfish in August and medium Summer Floun-
der in October) trophic diversity continued to increase
beyond 40 guts analyzed.

Size-specific patterns in trophic diversity differed
across species, with Summer Flounder showing de-
creased diversity with size in June. In contrast, larg-
er size classes of Weakfish in August and Bluefish in
October had more diverse diets than did smaller size
classes of these species. Overall, diversity of prey
items increased throughout time in Summer Flounder
and Striped Bass, and it remained low for small Blue-
fish. Weakfish diet diversity also was relatively stable
through the 5-month period of this study, with the ex-
ception of the high trophic diversity of the medium size
class of this species in August.

Cluster analysis separated the size classes for each
of the 4 species into 3 groups in June at the 60% simi-
larity level (Fig. 5). The first group consisted of large
(>400 mm TL) Summer Flounder, which preyed pre-
dominantly on squids (88.1%) (Table 2). Small and
medium Summer Flounder formed the second group,
and medium (201-350 mm TL) Weakfish the third. Al-
though the second and third groups consumed mostly
fishes (0-73.3% sand lances [Ammodytes spp.] and 6.1—
52.9% UID and other fishes), they were separated by
the amounts of decapod crustaceans (2.1-20.9%) and
squids (8.3-21.5%) in the former and mysids (33.4%)
in the latter.

In July, the cluster analysis identified 3 groups at
the 60% similarity level from among the 4 species size
classes for which enough data were available. Small
and medium Summer Flounder were grouped together,
with diets consisting of both pelagic and benthic prey,
including Butterfish (Peprilus triacanthus; 15.8—-18.7%),
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June July August September October
Summer
Flounder
Weakfish
Bluefish
Striped
Bass
Figure 2
Distributions of Summer Flounder (Paralichthys dentatus), Weakfish (Cynoscion regalis), Bluefish
(Pomatomus saltatrix), and Striped Bass (Morone saxatilis) sampled in June, July, August, September,
and October of 2005 along the coast of New Jersey for this study. Circles are shaded by species and
represent abundance (log transformed), with the same scale in all frames, and crosses indicate zero
catches. See Table 1 for a summary of numbers caught for each species.
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Summer Flounder Weakfish Bluefish Striped Bass
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Figure 3

Length distributions (percent frequency) for Summer Flounder (Paralichthys dentatus), Weakfish (Cynoscion regalis), Blue-
fish (Pomatomus saltatrix), and Striped Bass (Morone saxatilis) collected from June (top row) to October (bottom row) in
2005 off the coast of New Jersey for this study. Bars are shaded by species (as in Fig. 2). Vertical, dashed gray lines indicate
breakpoints between size classes. Note that the x-axis scales are different across species and the y-axis scales are different
across months within species.
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Table 2

Stomach contents of small, medium, and large Summer Flounder (Paralichthys dentatus), PdS, PdM, PdL; small, medium, and
large Weakfish (Cynoscion regalis), CrS, CrM, CrL; small and large Bluefish (Pomatomus saltatrix), PsS, PsL; Striped Bass (Mo-
rone saxatilis), Ms, for this study of habitat and diet overlap of these 4 piscivorous fishes. All samples were collected in 2005
off the coast of New Jersey. Diet is summarized by month and for all months. %W is the proportion of identifiable prey to the
diet by weight. Note that proportions from cluster estimators do not add up to 100% in all cases (see main text for calculation).
An asterisk (*) indicates groups with insufficient sample sizes for inclusion in the analysis with nonmetric multidimensional

scaling. UID=unidentified.
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Jun CrM 42 52.9 334 0.7 94 07 2.9
CrL* 1 21.2 78.8
PdS 30 10.0 21.8 2.7 5.3 209 97 33 21.5 1.7
PdM 42 1.5 73.3 0.8 6.1 4.9 <0.1 <01 21 0.1 8.3 2.8
PdL 26 0.3 10.3 0.1 0.1 88.1 1.1
PsL* 4 94.0 6.0
Jul CrM 116 156 15 0.9 42 01 17 16 624 15 51 34 05 1.3
PdS 39 4.2 164 18.7 247 2.7 18 26 206 06 16 4.7 1.4
PdM 74 2.9 0.9 9.8 15.8 35.3 23.8 0.3 3.0 48 04 06 <0.1 0.1 14 <01 0.7
PdL* 12 14 61.6 243 9.5 1.9 1.1 0.1
PsS 18 299 31.3 38.8 0.1
PsL* 3 19.1 52.6 28.2 0.1
Aug CrS 99 51 4.8 42.1 02 363 32 7.0 0.2 0.2 09
CrM 84 7.6 10.0 23.5 28.5 1.2 16 163 80 08 0.2 0.2 20 02
CrL* 5 10.9 54.2 10.1 0.7 0.1 0.1 24.0
Ms 11 2.2 6.1 <0.1 0.2 <0.1 0.1 0.1 453 06 <01 0.1
PdS 64 10.6 8.4 215 04 79 47 379 40 28 0.6 0.7
PdM 178 25 0.8 76 12 41.0 11.8 6.2 43 197 01 03 04 01 35 0.3
PdL 62 14 0.6 289 2.6 29.7 64 0.1 0.7 0.7 0.3 <0.1 28.0 0.5
PsS 105 56.3 19.3 9.5 0.6 12.3 <0.1 0.5 <0.1 0.3 0.8 0.5
PsL* 17 29.7 0.2 04 18.2 <0.1 23.5 4.2 0.2
Sep CrS 96 20.5 8.7 33.4 <0.1 335 04 14 02 0.8 1.1
CrM 45 331 23 25.3 345 0.1 41 <0.1 01 04
CrL* 5 835 1.7 10.7 4.1
PdS* 3 23.0 77.0
PdM 74 17.8 10.4 128 1.3 134 137 23 16 132 04 25 72 1.7 0.2 1.7
PdL* 8 5.0 11.5 19.7 146 3.9 45.3
PsS 147 13.2 16.7 64.2 <0.1 5.6 0.1 02
PsL* 2 100.0
Oct CrS 130 102 2.9 <0.1 51.7 04 232 03 94 1.0 0.2 0.7
CrM 75 38 05 13.3 717 <0.1 0.1 28 37 10 06 2.0 0.1 0.3
CrL 66 0.5 0.2 20.7 70.3 02 <01 07 05 02 6.2 0.4
Ms 37 16.0 0.3 10.1 05 6.9 19.2 29.0 2.7 82 1.0 03 18 26 0.1 0.9 0.2
PdS* 3 23.6 6.2 22 349 30.9 2.2
PdM 79 133 4.7 23 95 1.3 431 1.7 04 03 132 09 03 11 66 <01 1.3
PdL* 13 1.9 26.7 26.7 0.7 <0.1 44.0 <0.1
PsS 130 30.1 3.8 1.3 2.8 2.6 46.8 <0.1 <0.1 0.1 12.1 0.3
PsL 52 155 7.2 25.2 4.0 6.7 35.3 5.0 1.1
All CrS 325 114 438 <0.1 45.0 03 289 10 69 0.6 0.2 0.2 0.8
months CrM 362 10.7 3.4 50 6.2 403 <0.1 0.7 08 236 38 26 1.0 0.8 0.7 0.6
CrL 77 1.1 0.6 19.8 69.2 0.5 0.1 07 05 0.2 5.9 1.3
Ms 48 83 02 53 02 36 1.1 10.0 180 14 43 0.6 01 09 14 218 0.8 <0.1 0.1
PdS 139 4.8 34 4.7 9.2 226 15 42 29 269 20 67 35 1.0 4.7 1.1
PdM 447 7.8 3.6 168 3.2 43 26 29.7 83 18 15 109 04 10 14 01 <01 51 <01 14
PdL 121 1.0 0.7 42 48 109 23 165 2.7 <0.1 0.2 0.3 0.2 <0.1 55.4 0.6
PsS 400 335 8.7 09 3.8 1.9 41.7 <0.1 0.1<0.1 01 0.1 9.0 <0.1 0.3
PsL 78 170 0.1 64 04 222 3.7 6.0 333 <0.1 <0.1 2.6 4.8 1.0
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Figure 4

Trophic diversity (exp(H’)) as a function of the number of stomachs analyzed for Summer Flounder (Paralichthys dentatus),
Weakfish (Cynoscion regalis), Bluefish (Pomatomus saltatrix), and Striped Bass (Morone saxatilis), collected from June (top
row) to October (bottom row) in 2005 off the coast of New Jersey. Plotted are the means of 100 randomizations for a selected
number of stomachs (error bars indicate +1 standard deviation). Lines with triangles, circles, or squares indicate results for
small, medium, or large size classes, respectively. Note that the x-axis scales are different across species.
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Ordination (nonmetric multidimensional scaling) of species size classes with clusters determined from cluster analy-
sis at 60% similarity depicted (ellipses) in (A) June, (B) July, (C) August, (D) September, (E) October, and (F) over
all months sampled in 2005 off the coast of New Jersey for this study of 4 piscivorous fishes. Species size classes are
indicated with the following abbreviations: small, medium, and large Summer Flounder (Paralichthys dentatus), PdS,
PdM, PdL; small, medium, and large Weakfish (Cynoscion regalis), CrS, CrM, CrL; small and large Bluefish (Pomato-
mus saltatrix), PsS, PsL; and Striped Bass (Morone saxatilis), Ms.
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mysids (4.8-20.6%), rock crabs (2.7-23.8%), and large
amounts of UID and other fishes (24.7-35.3%). About
10% of medium Summer Flounder diet in July was
composed of pelagic Round Herring (Etrumeus teres),
and small Summer Flounder consumed a substantial
amount of Weakfish. Medium Weakfish formed their
own group with a diet consisting largely of mysids
(62.4%) and anchovies (Bay Anchovy and Anchoa spp.;
17.1%), and decapod crustaceans were also present
(56.1%). Small Bluefish also formed their own group,
feeding principally on 2 prey types: anchovies (61.2%)
and UID and other fish species (38.8%).

Four groups were identified at 60% similarity by
the cluster analysis in August, 2 with broad diets, 1
intense piscivore, and 1 bivalve consumer. The first
broad diet group included medium and large Sum-
mer Flounder, which consumed varying amounts of
UID fishes (29.7-41.0%), squids (3.5-28.0%), Round
Herring (7.6-28.9%), mysids (0.7-19.7%), rock crabs
(6.4-11.8%), and ocellate lady crab (Ovalipes ocella-
tus; 0.1-6.2%). The second broad diet group, consist-
ing of medium and small Weakfish and small Summer
Flounder, also consumed large amounts of UID and
other fishes (21.5-42.1%). However, this group differed
from the previous group in the consumption of mysids
(16.3-37.9%), shrimps (3.2-8.0%), ocellate lady crab
(0-7.9%), decapod crustaceans (0.8-7.0%), anchovies
(9.9-17.6%), Weakfish (0-23.5%), and Butterfish (0—
8.4%). Although cannibalism by medium Weakfish was
substantial (23.5%) during this month, Weakfish were
not detected in the diets of small Weakfish or small
Summer Flounder. Small Bluefish, with a diet of an-
chovies (75.6%), Weakfish (9.5%), and UID and other
fishes (12.3%), made up the piscivore group. Striped
Bass, composing the fourth group in August, consumed
mostly bivalves (45.3%) and some UID and other fish
species were present (6.1%).

In September, the cluster analysis identified 2
groups at the 60% similarity level from the 4 species
size classes with enough data. The first group, consist-
ing of medium and small Weakfish and small Bluefish,
consumed varying amounts of anchovies (29.3-35.4%),
mysids (<1-34.5%), and UID and other fish species
(25.3-64.2%). Medium Summer Flounder made up the
second group and differed from the previous group by
displaying a more diverse diet that included rock crabs
(13.7%), mysids (13.2%), Round Herring (12.8%), and
nondecapod crustaceans (7.2%) in addition to anchovies
(28.2%).

In October, 4 groups were identified, along with UID
and other fish species as the primary diet component
for each of them. The first group, consisting of small
and medium Weakfish and medium Summer Flounder,
differed from the rest primarily in the amounts of prey
consumed: anchovies (4.3-18.0%), mysids (2.8-23.2%),
sand lances (0-13.3%), Weakfish (0-9.5%), UID and oth-
er fishes (43.1-71.7%), decapod crustaceans (0.3-9.4%),
and squids (0-6.6%). The second group, composed of
small and large Bluefish, preyed on a variety of fish

species, including anchovies (15.5-33.9%), Atlantic
Menhaden (Brevoortia tyrannus; 1.3-7.2%), Butterfish
(2.6-4.0%), Northern Puffer (Sphoeroides maculatus;
0-6.7%), Weakfish (2.8-25.2%), UID and other fishes
(35.3-46.8%), and squids (5.0-12.1%). Large Weakfish
formed the third group and consumed primarily At-
lantic Menhaden (20.7%), with large amounts of UID
and other fishes (70.3%), and a lesser amount of squids
(6.2%). Striped Bass, the final group, consumed ocellate
lady crab (8.2%) and a variety of fish species: Atlan-
tic Menhaden (10.1%), Bay Anchovy (16.0%), Northern
Puffer (19.2%), Weakfish (6.9%), and UID and other
fishes (29.0%). Cannibalism among Weakfish was not
prevalent in this month, although all other species con-
sumed Weakfish to some degree.

When the data are aggregated across months, 1 mul-
tispecies group, 1 single-species group, and 3 groups,
each of a single-species and single-size, emerge. The
multispecies group consisted of small and medium
Weakfish and small and medium Summer Flounder,
with large and small Bluefish composing the single
species group. The multispecies group consumed an-
chovies (4.8-16.2%), sand lances (0-16.8%), Weakfish
(<0.1-6.2%), butterfish (0-9.2%), UID and other fishes
(22.6-45.0%), mysids (10.9-28.9%), rock crabs (0-8.3%),
decapod crustaceans (1.0-6.9%), and squids (0.2-5.1%).
Large and small Bluefish also consumed a variety
of fishes—Atlantic Menhaden (0.9-6.4%), anchovies
(17.1-42.2%), Northern Puffer (0-6.0%), Weakfish
(3.8-22.2%), UID and other fish species (33.3—41.7%)—
and squids (4.8-9.0%) but consumed less mysids, rock
crabs, and decapod crustaceans than did the multispe-
cies group. Large Summer Flounder, the third group,
consumed a mix of squids (55.4%) and fishes, mostly
Round Herring (10.9%) and UID and other fish spe-
cies (16.5%). The fourth group, large Weakfish, preyed
mainly upon Atlantic Menhaden (19.8%), UID and
other fish species (69.2%), and squids (5.9%). Striped
Bass formed the final group, with a diet of bivalves
(21.8%) and fishes: Bay Anchovy (8.3%), Atlantic Men-
haden (5.3%), Northern Puffer (10.0%), UID and other
fish species (18.0%).

Habitat and diet overlap indices

Monthly overlap (o from Schoener’s index) in habitat
and diet for each pair of predators (species size classes)
indicated shared use of resources (0>0); however, o was
below the biologically important level of 0.6 in most
months (Fig. 6). Some groups had substantial overlap
(>0.6) in habitat but not diet (e.g., large, medium, and
small Summer Flounder). There also were instances
of overlap ( >0.6) in diet but not habitat (e.g., small
Weakfish versus medium Weakfish and small Sum-
mer Flounder). There were no cases where substantial
overlap ( >0.6) in both habitat and diet occurred at the
same time. For many of the pairwise comparisons, over-
laps in both habitat and diet increased severalfold dur-
ing the fall in this 5-month study, from levels of ~0.2 in
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Pairwise monthly overlap (o), from Schoener’s index, in habitat (open circles) and diet (triangles)
between species size classes sampled from June to October in 2005 off the coast of New Jersey for
this study. Habitat overlap is shown for all cases when both groups were captured in the same
month. Diet overlap is shown only for groups with sufficient sample sizes (see main text). Hori-
zontal dashed lines indicate biologically important overlap threshold (0.6). Species size classes are
indicated in this manner: small, medium, and large Summer Flounder (Paralichthys dentatus),
PdS, PdM, PdL; small, medium, and large Weakfish (Cynoscion regalis), CrS, CrM, CrL; small and
large Bluefish (Pomatomus saltatrix), PsS, PsL; and Striped Bass (Morone saxatilis), Ms.

June and July to levels >0.4 in September and October.
Small and medium Weakfish had relatively high over-
lap in diet, but lower overlap in habitat, with small
and medium Summer Flounder from August to Octo-
ber. The limited spatial distribution of Striped Bass, in
addition to their absence during some months, resulted
in a low degree of overlap in habitat with groups of
other species, but Striped Bass were most abundant
in the fall and, therefore, overlapped with the other
predators at that time.

Discussion

The degree of habitat and diet overlap among Summer
Flounder, Weakfish, Bluefish, and Striped Bass varied
with size and season. The size classes of these 4 preda-
tors examined in our study exhibited different patterns
in spatial distribution, depth, and habitat use. Sum-
mer Flounder were most evenly distributed throughout
our study area—a pattern also observed in a longer
(1982-2003) time series of sampling at generally deep-
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er depths (from 27 to >193 m) (Able and Fahay, 2010),
with similar sizes present during our 5-month study
on the inner continental shelf. Weakfish in our study
occurred primarily inshore in shallow strata. Their
abundance increased through the summer because of
the appearance of YOY fish, and they dominated the
catch by October—a trend also observed in composite
collections over time on the deeper continental shelf
(Able and Fahay, 2010).

The size structure of Bluefish was similarly variable
with multiple YOY cohorts appearing during summer
and eventually dominating the proportion of catch by
October. Bluefish were concentrated at inshore, shallow
stations, as had been documented previously (Able et
al., 2003; Wiedenmann and Essington, 2006; Wuenschel
et al., 2012). In October, the distribution of Bluefish
was more uniform with depth, and they appeared to
utilize a greater portion of the inner continental shelf
during the period of southward migration, as was evi-
dent from other composite sampling at similar and
deeper depths (Able and Fahay, 2010).

Bluefish and Weakfish distributions indicated a high
degree of similarity in their use of the inshore shelf
during the summer months. In contrast, the distribu-
tion of Striped Bass was limited to the northernmost
stations during summer. Like Bluefish, Striped Bass
were more abundant throughout the study area during
their fall migration (October). The limited collections of
Striped Bass, coupled with a priority to tag and release
them during certain months, restricted our ability to
describe Striped Bass diets. Nevertheless, Striped Bass
showed little overlap in habitat use with the other
predators studied.

The species-level distributions and monthly size fre-
quencies tended to overestimate overlap because dif-
ferent sizes may have occupied different locations in
a given month. When viewed at the size-class level,
spatial (habitat) overlap was rarely above 0.6. Simi-
larly, assessment of diet overlap at the species level
(i.e., combining size classes and ignoring ontogenetic
shifts in diet) would likely increase perceived overlap.
For example, large and medium Summer Flounder
diet overlap was moderate (o0 ~0.2—0.5) and overlap
between medium and small sizes was similarly vari-
able (a0 ~0.3-0.6), but overlap between large and small
Summer Flounder was much lower (o0 ~0.2-0.3). This
result supports the interpretation of gradual onto-
genetic changes in diet and some similarity between
adjacent size classes. Use of a single size group for
Striped Bass because of limited sample sizes prevented
the exploration of ontogenetic shifts for this species,
which were significant in one study (Smith and Link,
2010) but not another (Walter et al., 2003). Regardless
of potential ontogenetic differences, their extensive
use of estuaries in New Jersey and throughout their
range during many seasons (Able and Fahay, 2010)
probably also contributes to the limited co-occurrence
of this species with the other species size classes
studied.

Unidentified fish remains were large components
of the diet for many of the species size classes in our
study—a common problem encountered in the analysis
of stomach contents (Garrison and Link, 2000a; 2000b).
The presence of large portions of UID fishes serves
to increase the overlap in diet and decrease the num-
ber of distinct clusters from the groups analyzed. As-
suming that identifiable and unidentifiable prey oc-
cur in similar relative proportions, we consider the
separation of distinct groupings in our analysis to be
conservative. Where diets between species size classes
showed little overlap, we can conclude diets were in-
deed different.

The diets of Summer Flounder, Weakfish, Bluefish,
and Striped Bass on the inner continental shelf of
New Jersey during summer varied month to month—
an observation that could not be obtained from previ-
ous studies conducted in the region across a greater
portion of the shelf region over multiple years (Gar-
rison and Link, 2000b; Link et al., 2002; Walter et al.,
2003; Buckel et al., 2009; Smith and Link, 2010). The
finer scale in our study accounts for the slightly dif-
ferent patterns of similarity among Summer Flounder,
Weakfish, Bluefish, and Striped Bass diets in compari-
son with results that had been reported previously for
the shelf ecosystem of the northeastern United States
(Garrison and Link, 2000b). Although the size classes
differed slightly, this previous study reported Summer
Flounder (21-70 ¢cm) and Bluefish (>31 c¢m) in a pisci-
vore guild distinct from small Bluefish (10-30 cm) and
Weakfish (10-50 cm).

On a much finer spatial scale, we observed greater
overlap in diets, which varied through time, between
Summer Flounder and Weakfish, particularly for the
small and medium size classes. This similarity was
driven by large amounts of mysids and other crusta-
ceans in the diet. Both Summer Flounder and Weakfish
incorporated more fishes and squids in their diet as
they increased in size. The early onset of piscivory by
Bluefish separated them from the smaller size classes
of Summer Flounder and Weakfish. Together, these dif-
ferences relative to earlier studies point out the ad-
vantages of the finer temporal, spatial, and size-class
scales used in this study.

Of the 4 predators analyzed from the Mid-Atlantic
region in our study, only Weakfish were consumed in
appreciable numbers by the other species. Weakfish
were consumed by small Summer Flounder (16.5%) in
July and small Bluefish (9.5%) in August, and an appre-
ciable amount of cannibalism by medium-size Weakfish
(23.5%) was observed in August. In October, large Blue-
fish and Summer Flounder fed extensively on Weakfish
(25.2-26.7%), with medium and small Summer Floun-
der and Striped Bass also consuming Weakfish but in
lesser proportions. Similarly, in Long Island bays, YOY
Bluefish and Summer Flounder consumed Weakfish
(7.5% and 3.0% by weight, respectively); however, data
were reported across sizes and seasons (spring, sum-
mer, and fall), and Weakfish diet was not investigated
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(Sagarese et al., 2011). Predation on juvenile Weak-
fish has also been observed in Delaware Bay by adult
Weakfish and Summer Flounder (Taylor, 1987).

A recent synopsis of diets documented across the
continental shelf in the region indicated that Weakfish
occurred at relatively low levels (~5%) in diets of Blue-
fish, Summer Flounder, and Weakfish (Smith and Link,
2010). Although direct predation on Weakfish by the
4 piscivores investigated was high at different times
during our study, large numbers of Weakfish were also
collected in our surveys, indicating high availability of
this prey type. However, the possibility that the high
degree of predation may influence the continuing low
population levels of Weakfish (NEFSC2) needs further
study, especially because some of these predators, such
as Summer Flounder (Able et al., 2011) and Striped
Bass, have reached high population levels in recent
years (ASMFC3).

Another prey species, Atlantic Menhaden, has re-
ceived increased attention because of its historical im-
portance as the main prey of Striped Bass at other lo-
cations during other times (Nelson et al., 2003; Walter
et al., 2003; Overton et al., 2008). Uphoff (2003) sug-
gested that a shortage of Atlantic Menhaden as prey
for Striped Bass in the Chesapeake Bay may have re-
duced the nutritional condition of those Striped Bass in
the 1990s, making them susceptible to disease. In our
study, there was little evidence of Atlantic Menhaden
in the diets of any of these predators except in October
when Striped Bass, Weakfish, and Bluefish consumed
them to some degree, although Atlantic Menhaden are
typically present in the area during the other months
(Ahrenholz, 1991; Smith, 1999). Adult Atlantic Menha-
den occur along the coast in summer (Smith, 1999), but
YOY Atlantic Menhaden reside in estuaries in summer
and are not plentiful in the ocean until October (Able
and Fahay, 2010), when they appeared in the diets of
the piscivores examined in our study. Adult Atlantic
Menhaden exceed the gape limitation for most of the
species size classes examined, except that for Striped
Bass and large Bluefish; therefore, it is not surprising
that little consumption of this species was documented
in summer. Diet analyses for larger predator species
and larger individuals of those species considered in
our study are needed to fully evaluate consumption of
large Atlantic Menhaden in the Middle Atlantic Bight.

As with our study, Woodland and Secor (2011) re-
ported no clupeids in the diet of YOY Bluefish collected

2 NEFSC (Northeast Fisheries Science Center). 2009. 48th
Northeast Regional Stock Assessment Workshop (48th SAW)
Assessment Report. U.S. Dept. Commer., Northeast Fish.
Sci. Cent. Ref. Doc. 09-15, 834 p. [Available from National
Marine Fisheries Service, 166 Water Street, Woods Hole, MA
02543-1026 or http://www.nefsc.noaa.gov/nefsc/publications/.]

3 ASMFC (Atlantic States Marine Fisheries Commission).
2011. Striped Bass Stock Assessment Update 2011, 207 p.
Prepared by the Striped Bass Stock Assessment Subcom-
mittee and Striped Bass Tagging Subcommittee. [Available
from http://www.asmfc.org/speciesDocuments/stripedBass/re-
ports/stockassmts/2011StripedBassAssmtUpdate.pdf.]

on the inner continental shelf off Maryland in August,
although clupeids made up 9% of the diet of YOY Blue-
fish collected in Chesapeake Bay in the same month.
However, Atlantic Menhaden contributed a large por-
tion to Bluefish diets, but less so for Summer Floun-
der in Long Island bays (Sagarese et al., 2011), and
large proportions to the diets of Weakfish, Bluefish, and
Sandbar Shark (Carcharhinus plumbeus) in Delaware
Bay (Taylor, 1987), underscoring the importance of At-
lantic Menhaden as prey in estuaries during summer.
Additionally, we acknowledge that the degree of con-
sumption and overlap in diets may vary with the popu-
lation size of the predators. At the time of our study,
the populations of Striped Bass (ASMFC3) and Sum-
mer Flounder (Able et al., 2011; Terceiro, 2011) were
relatively high and the populations of Bluefish (Shep-
herd and Nieland*) and Weakfish (NEFSC?) were rela-
tively low. More detailed estimates of population-level
consumption with more diet information from larger
size classes would help to determine the direct effect
of the predation of these piscivores on Weakfish and
Atlantic Menhaden populations.

One behavioral attribute that may reduce resource
overlap between these predators is their use of the wa-
ter column. Recent studies have indicated that a pre-
sumed benthic species, Summer Flounder, may spend
considerable time in the water column (Yergey, 2011,
Henderson, 2012). This observation is consistent with
the surprisingly large proportion of pelagic prey in
their diets and their ability to feed in the water column
in the laboratory (Olla et al., 1972). In addition, aggre-
gation of diet data across the 24 h cycle may obscure
some interactions with prey that undergo diel migra-
tions (e.g., mysids and Summer Flounder; Buchheister
and Latour, 2011). Although sampling was limited to
daylight hours, given that gut evacuation rate gener-
ally decreases with fish size (Wuenschel and Werner,
2004) and with the relatively slow passage of food in
carnivores (Smith, 1989; Adams and Breck, 1990), the
results of our study capture much of the nighttime
feeding habits of the predators examined.

Another caveat to consider when evaluating overlap
in habitat between these species is that overlap may
be confounded by the length of a tow with a relatively
large net. Although the duration of tows was short in
our study, the distance covered (~1.85 km) may have
included multiple discrete habitats, inflating assess-
ments of overlap. However, the overlap estimates were
not systematically high and the area covered per tow
was very small relative to the overall study area and to
the distances that the species examined are known to
move; therefore, analysis at the tow level is appropriate.

This study has described in fine spatial and tem-
poral detail the degree of overlap in habitat and diet

4 Shepherd, G. R., and J. Nieland. 2010. Bluefish 2010 stock
assessment update. U.S. Dept. Commer., Northeast Fish.
Sci. Cent. Ref. Doc. 10-15, 33 p. [Available from National
Marine Fisheries Service, 166 Water Street, Woods Hole, MA
02543-1026 or http://www.nefsc.noaa.gov/nefsc/publications/.]
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of 4 piscivores on the inner continental shelf off New
Jersey from summer through fall. It does not consider
these parameters on adjacent estuaries where these
species can also be abundant (Able and Fahay, 2010).
For example, Striped Bass are known to use estuar-
ies in the region during the summer (Tupper and Able,
2000; Able and Grothues, 2007; Ferry and Mather,
2012). The same is true for Bluefish (Grothues and
Able, 2007; Sagarese et al., 2011), Summer Flounder
(Sackett et al., 2007; 2008; Sagarese et al., 2011), and
Weakfish (Taylor, 1987; Turnure 2010). Therefore, our
findings from the inner shelf should be viewed with
this qualification in mind. As an example, the diets de-
scribed here for inshore waters revealed differences in
diets, compared with diets observed in studies carried
out within estuaries (Gartland et al., 2006; Latour et
al., 2008; Sagarese et al., 2011).

Although not necessarily unexpected given differ-
ences in prey availability between estuarine and ocean
habitats, these differences in diets underscore the need
to incorporate into ecosystem models both distribution
and diet information from the inner shelf and adja-
cent estuaries because of connectivity between them,
especially over seasonal scales (Able, 2005). These
data have typically been lacking. Many prey categories
were shared by the piscivores examined in our study
on the inner continental shelf, but different patterns
in habitat use (in time and space) seemed to allevi-
ate overlap between these predators for prey. However,
overlaps in fish distributions and diets increased dur-
ing fall as species left estuaries and underwent coastal
migrations. Therefore, the information on spatial dis-
tributions and food habits reported here at finer spatial
and temporal scales, compared to results from previous
studies, complements and provides a critical link be-
tween what is known about these mobile, seasonally
migratory predators within estuaries and about these
same piscivores across larger geographic scales (e.g.,
the northeastern shelf of the United States). It is rea-
sonable to ask whether diet overlap may continue to
increase during winter when many of these predators
are concentrated farther south and likely co-occur in
thermal refuges in the South Atlantic Bight.

Conclusions

Results from this study, at finer temporal, spatial, and
size-class scales than have been attempted typically
in other studies, indicate that overlap in distribution
on the inner continental shelf for the 4 piscivores ex-
amined was not uniform through time and that they
had moderate levels of overlap in diet. The exception
was observed in the fall, when many of these species
became concentrated as both larger individuals and
smaller YOY fishes left estuaries, gathered with other
individuals on the inner shelf, and began their south-
ward migration as temperatures cooled. Given the high
seasonal variability in water temperature and produc-

tivity in the system studied and the migratory nature
of the species investigated, it is not surprising that
habitat use and species interactions were variable.

Our understanding of species interactions on the
inner continental shelf has been limited, in the past,
by the gap between sampling programs within estuar-
ies and bays and programs occurring farther offshore.
The intensive monthly sampling of this study on the
inner continental shelf revealed the dynamic nature of
habitat and diet overlap for Summer Flounder, Weak-
fish, Bluefish, and Striped Bass. The use of inner shelf
resources by these 4 important species had previously
been poorly defined. The limited degree of resource
overlap in summer and the increasing overlap in fall
for the 4 piscivores indicate that this period of change-
able overlap may be important for the population dy-
namics of these species and that information about it
should be incorporated into not only species-specific
models of population dynamics but also broader eco-
system-level models.
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