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Abstract Shrimp trawling is common throughout the
southeastern and Gulf of Mexico coasts of the USA and is
the primary contributor to fisheries discards in these
regions. Tens of thousands of nearshore seabirds nest near
shrimp trawling grounds in the USA, but to date, there has
been no assessment of the relationship between seabirds
and shrimp trawlers. We examined the taxonomic com-
position of bycatch, rate at which seabirds scavenged by-
catch, and energy density of discarded bycatch in a
nearshore commercial shrimp fishery. Bycatch was pri-
marily comprised of demersal fish that are not typically
accessible to the plunge-diving and surface-feeding sea-
birds that occur in the area. Hence, seabird diets in the
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region appear to be broadened taxonomically by the
availability of discards. Results from discard experiments
indicated that 70% of the nearly 5,500 items discarded by
hand were scavenged by seabirds and that the fate of a
discarded item was most strongly predicted by its taxo-
nomic order. Laughing gulls scavenged the greatest pro-
portion of discards, although brown pelicans were the only
species to scavenge more discards than predicted based
upon their abundance. Because this is the first such study in
the region, it is difficult to ascertain the extent or intensity
of the impact that discards have on nearshore seabirds.
Nonetheless, our results suggest that it will be difficult for
managers to clearly understand fluctuations in local seabird
population dynamics without first understanding the extent
to which these species rely upon discards. This may be
especially problematic in situations where seabird popula-
tions are recovering following natural or anthropogenic
stressors.

Introduction

The ecological relationship between seabirds and com-
mercial fisheries is complex and varies among fisheries,
seabird communities, and regions. Research has focused
primarily on competition between fisheries and seabirds for
forage fish (Furness 2002; Frederiksen et al. 2004) and on
the management and mitigation of seabird mortality asso-
ciated with bycatch (Melvin et al. 2001; Lewison and
Crowder 2003). Generally, these interactions have a neg-
ative effect on seabird populations either by reducing prey
availability or by increasing mortality. In contrast, there are
instances where the relationship between seabirds and
fisheries may result, at least proximately, in a positive
effect on seabird populations. For example, seabirds may

@ Springer


http://dx.doi.org/10.1007/s00227-011-1733-4

Mar Biol

forage upon discarded bycatch from fisheries (Oro and
Ruiz 1997; Arcos and Oro 2001, 2002; Garthe and Scherp
2003), which may increase food availability, the breadth of
the diet for scavenging birds (Furness et al. 1992; Cam-
phuysen et al. 1995; Garthe et al. 1996; Navarro et al.
2009), and the distribution and abundance of seabirds
(Walter and Becker 1997; Oro and Ruxton 2001).

The commercial shrimp fishery provides an interesting
case study of seabird-fisheries interactions. Commercial
shrimp trawling is common in nearshore waters around the
globe, and these trawlers generate high volumes of discards
(Harrington et al. 2005; Kelleher 2005; Gillett 2008).
Where shrimp trawling and seabirds overlap spatially and
temporally, shrimp trawlers are strong local attractors of
nearshore seabirds and discards from shrimp trawlers
appear to be common in diet samples collected at colonies
(Blaber et al. 1995; Walter and Becker 1997; Wickliffe and
Jodice 2010). Because shrimp trawlers discard primarily
demersal fish, certain seabird communities (e.g., nearshore
gulls and terns, which forage primarily in the uppermost
level of the water column) also may realize an enhance-
ment in the breadth of their diet due to the transboundary
movement of fish from the benthos to the surface during
the trawling and discarding process (Arcos et al. 2002,
Jodice and Suryan 2010).

We investigated the use of discards from shrimp trawl-
ers by seabirds in nearshore waters of the South Atlantic
Bight (SAB), USA. Commercial shrimp trawling is com-
mon, and ports occur regularly along the southeastern and

Gulf of Mexico coasts of the USA. Within our study area
along the central coast of South Carolina (Fig. 1), the
commercial shrimp fleet trawls within 10-30 km of several
seabird colonies that support >20,000 breeding brown
pelicans (Pelecanus occidentalis), laughing gulls (Larus
atricilla), royal terns (Thalasseus maxima), and sandwich
terns (Thalasseus sandvicensis) each year (Jodice et al.
2007). As a first step in assessing the relationship between
seabirds and the shrimp fleet in this region, we examined
seabird attendance at trawlers, finding that most attendees
were species that were breeding locally and that shrimp
trawlers were attended regularly within 20-30 km of col-
onies (Wickliffe and Jodice 2010). Here, we investigate (1)
the taxonomic composition of bycatch from shrimp trawl-
ers, (2) the proportion of bycatch scavenged during discard
experiments by each seabird species in relation to seabird
abundance at trawlers, (3) the proximate composition and
energy density of discarded items, and (4) the relationship
between the taxonomic classification of a discarded item
and its eventual fate (i.e., scavenged by seabirds or not).

Methods
Study area
Data were collected during commercial shrimp trawls

(n = 39) during the seabird breeding season (May—August
2006 and 2007) along the central South Carolina coast

Fig. 1 Locations of
commercial shrimp ports and
colonies that support nesting i
brown pelicans, laughing gulls, 8
royal terns, and sandwich terns

in and adjacent to Charleston
Harbor and Cape Romain
National Wildlife Refuge, South
Carolina, USA. Studies were
conducted from May—August
2006 and 2007. The trawler
boundary line represents the
area within which all trawls
were conducted and all data
were collected
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adjacent to the mouth of Charleston Harbor and Cape
Romain National Wildlife Refuge, South Carolina, USA
(hereafter CRNWR or more generally Cape Romain;
Fig. 1). Approximately 15 commercial vessels trawled in
each region 11-13 km offshore in 3-14 m of water for
brown shrimp (Farfantepenaeus aztecus) and white shrimp
(Litopenaeus setiferus). Trawlers were 15-21 m in length,
towed nets with a 4.7 cm mesh size, and used catch bags
with a mesh size of 4.1 cm. Trawl speed was approxi-
mately 2.5 knots, and trawl duration was 2—4 h. Each
cruise typically included 2-3 hauls day~' and occurred
between 0500 h and 1800 h. All tow nets included marine
turtle exclusion and bycatch reduction devices.

Our research focused on four species of seabirds: brown
pelicans, sandwich terns, royal terns, and laughing gulls.
These were the most abundantly breeding seabirds in the
region and accounted for >99% of 36,500 birds counted
from commercial shrimp trawls during May through
August 2006 and 2007 (Wickliffe and Jodice 2010). Details
regarding the history, descriptions, and nest counts from
each colony appear in Jodice et al. (2007) and Wickliffe
and Jodice (2010).

Bycatch composition and discard scavenging rates

We determined the taxonomic composition of trawl by-
catch by collecting 4 L of discarded bycatch during each
haulback each day (<4 times day~"). Each collected item
(n = 5,428) was identified to species and measured
to +5 mm before being discarded, set aside for later dis-
card experiments, or frozen for subsequent analysis of
energy density and proximate composition in the labo-
ratory.

The fate of discards was determined following proce-
dures described in similar studies (Hudson and Furness
1988; Garthe et al. 1996; Arcos 2001). We selected items
50-600 mm in length as this size range appeared to be the
most likely to be consumed by the most common seabirds
in the area based on preliminary observations (excluding
elasmobranches, echinoderms, cnidarians, and cteno-
phores). All items collected for discard experiments were
used within 30 min of collection or stored on ice to pre-
serve the freshness of the sample until discarded. Individ-
ual items were discarded by hand (5 fish min~ ') during
operational discarding (a focused activity that typically
lasted 30 min haul™") to ensure that an artificial feeding
environment was not created by our single discards. The
fate of each individually discarded item was classified as
scavenged (if so, by the seabird species that did so) or not
scavenged (i.e., sinking beneath the surface). Individual
birds were not classified by age due to the difficulties
of rapidly and accurately assessing age during surveys
(e.g., Oro and Ruiz 1997; Garthe and Scherp 2003).

Kleptoparasitism was not recorded as this often occurred as
birds were flying away from the vessels. Only experiments
with >30 items discarded were used for analyses (Garthe
and Hiippop 1998).

A foraging success index (SI) was calculated for each
species of seabird for each discard experiment (Arcos and
Oro 2001). The index ranged from 1 to —1 with a positive
value indicating a species of seabird consumed a greater
proportion of the bycatch than expected based on that same
seabird’s abundance. The success index was calculated as

success index; = (0; — E;) /(0; + E;)

where success index; is the foraging success index for each
species j, O; is the observed number of discarded items
consumed by species j, and E; is the expected number of
items taken, estimated by multiplying the total number of
items offered by the percent of that species behind the
trawler during that discard experiment (Arcos 2001). The
abundance of each seabird species was determined via
surveys that are detailed in Wickliffe and Jodice (2010) and
that were temporally aligned with the start and end time of
each discard experiment.

Proximate composition and energy density

Proximate composition and energy density of Atlantic
croaker (Micropogonias undulates), spot (Leiostomus
xanthurus), star dram (Stellifer lanceolatus), silver seat-
rout (Cynoscion nothus), Spanish mackerel (Scomberomo-
rus maculates), Atlantic menhaden (Brevoortia tyrannus),
and broad-striped anchovy (Anchoa hepsetus) were mea-
sured. These species commonly appear as discarded
bycatch during shrimp trawling and are commonly found
in diets of seabirds in the region. Fish were dried in a
convection oven at 100°C until the mass of each sample
remained constant (i.e., £0.005 g) for >1 day. The per-
cent water content of each fish was calculated as: % water
content = [[thawed wet mass (g) — dried mass (g)]/
thawed wet mass (g)] * 100. Total lipids were extracted
using a soxhlet apparatus and a solvent of hexane/iso-
propyl alcohol 7:2 (v/v) for ca. 10 h (Radin 1981). Lipid
mass was calculated as: lipid mass (g) = dried mass (g)—
lean dry mass (g). Lean, dry samples were then ashed in a
muffle furnace for 12 h at 600°C, resulting in a sample
that was ash-free, lean, and dry. The remaining material
consisted almost exclusively of protein. Percent protein
was calculated as: % protein content = 100 — (percent
moisture + percent lipid 4+ percent ash). The energy
density of each sample was calculated as the sum of lipid
and protein energy using the energy equivalents of
393kl g=' for lipid and 17.8kJ g~' for protein
(Schmidt-Nielsen 1997). Energy density was calculated
on a wet-mass basis to better assess the value of each fish
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Table 1 Composition of bycatch (% of items) collected from Cape Romain (n = 42 hauls) and Charleston Harbor (n = 50 hauls), South

Carolina, May—August 2006 and 2007

Taxonomic order Cape Romain

Charleston Harbor

Common name (Genus species) 2006 2007 2006 2007
n = 1,306 n = 1,195 n =916 n = 2,011

Perciformes

Atlantic croaker (Micropogonias undulatus) 22.4* 33.3 7.2 18.7
Spot (Leiostomus xanthurus) 23.6 6.1 32.0 14.7
Star drum (Stellifer lanceolatus) 16.9%* 18.3 9.7 124
Atlantic cutlassfish (Trichiurus lepturus) 7.0 10.6 11.3 104
Silver seatrout (Cynoscion nothus) 1.4* 33 7.8 8.8
Butterfish (Peprilus triacanthus) 2.4 1.2 54 34
Clupeiformes

Atlantic menhaden (Brevoortia tyrannus) 5.0 1.9 1.0 0.2
Shannon’s diversity index (all items) 24 2.3 2.4 2.7

Only species that comprised >5% of the bycatch in any location-year are listed (a complete list of species can be found in Wickliffe 2008).
Italicized values indicate significant differences (P < 0.05) between years within region and an asterisk adjacent to the value listed for Cape
Romain 2006 indicates significant differences between regions within years

as obtained by seabirds (Anthony et al. 2000). A detailed
description of protocols used to determine proximate
composition and energy density can be found in Anthony
et al. (2000) and Jodice et al. (2006).

Statistical analysis

A negative binomial regression was used to determine
whether there were differences in the frequency of
occurrence of Atlantic croaker, Atlantic menhaden, spot,
star drum, Atlantic cutlassfish, and silver seatrout
between years (2006, 2007) and locations (Charleston
Harbor, Cape Romain). One-way ANOVA was used to
determine whether there were differences in SIs among
the four most common seabird species observed at
trawlers (brown pelican, royal tern, sandwich tern,
laughing gull). Species diversity of the composition of
bycatch in each region and year were calculated with
Shannon’s Diversity Index.

The extent to which success indices were related to
independent variables was assessed using generalized
linear models (Table S1), while the relationship between
discard fate (scavenged by seabird or not) and a series of
independent variables were assessed using logistic
regression (Table S2; there was a significant relationship
between length and order so these two variables were
never placed in the same model). We used the Hosmer—
Lemeshow goodness-of-fit test to assess fit for the global
logistic regression model. Once each generalized linear or
logistic regression model was run, we ranked each based
on its AICc statistic (Burnham and Anderson 2002).
The AICc weight was interpreted as the probability that
the model in question was the best model tested given the
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data available and models under consideration. Here, we
only report models with a >10% chance of being the best
model from the candidate set (hereafter “best models™).
Model-averaged estimates of coefficients and uncondi-
tional estimates of standard errors were calculated fol-
lowing Burnham and Anderson (2002) for variables or
interaction terms that were included in best model sets. In
some cases, variables included in the best model sets had
standard errors that were relatively large compared with
the coefficient estimates, and these variables were not
discussed. Discard selection was not assessed by species
because it was not possible to accurately account for
competitive or kleptoparasitic behavior during these
experiments.

We conducted a one-way analysis of variance
(ANOVA) to test for differences in water, lipid, protein,
and energy density among fish species. We used t-tests
to examine differences in proximate composition and
energy density between fish categorized as demersal (i.e.,
Atlantic croaker, spot, star drum, and silver sea trout,
which occur primarily at or near the bottom of the water
column) and as pelagic (i.e., striped anchovy, Atlantic
menhaden, and Spanish mackerel which occur primarily
in schools closer to the surface). Values for percent
water, lipid, and protein were arcsine transformed for
all statistical analyses, although raw values are also
presented.

Means are reported £ 1 SE, and odds ratios are reported
as 95% ClIs. For analyses not subjected to model selection,
results were considered as significant if P < 0.05, although
actual P values are reported throughout. All statistical
analyses were conducted using SAS Version 9.1 (SAS
Institute Inc., Cary, NC, USA).
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Results
Bycatch composition and discard scavenging rates

We collected 5,428 bycatch items from 37 species of fish
and invertebrates from 92 hauls during both years
(Table 1). Atlantic croaker, Atlantic cutlassfish, star drum,
and spot were the most abundant bycatch items. Species
richness ranged from 30 to 34 among location-years, and
Shannon’s diversity index was similar among the four
location-years (Table 1). Atlantic croaker, star drum, and
Atlantic menhaden all comprised a greater proportion of
the bycatch in Cape Romain (12 > 6.9, P <0.008 for
each), while spot and silver seatrout comprised a greater
proportion of the bycatch in Charleston Harbor (3> > 14.2,
P < 0.001 for each). Spot and Atlantic menhaden com-
prised a greater proportion of the bycatch in 2007 (y* >
4.9, P < 0.03 for each), while Atlantic croaker were more
common in 2006 ()(2 = 13.22, P = 0.001). Atlantic men-
haden, a common prey item for brown pelicans in the
southeastern USA (Shields 2002), comprised <5% of the
bycatch in each area and year. Species in the order Pleu-
ronectiformes (i.e., flatfish) never comprised >5% of the
bycatch in any location or year.

Of the 1,705 items discarded during experiments in 2006
and 2007, 77% were perciformes, 11.3% were clupeifor-
mes, 6.2% were pleuronectiformes, and the remainder were
from a variety of orders each comprising <2% of the total
items discarded during experiments (Table 1). Approxi-
mately 69% of the discarded items were taken by seabirds,
while 31% sank or were consumed beneath the surface by
species other than birds (e.g., blacktip sharks Carcharhinus

limbatus and bottlenose dolphins Tursiops truncatus).
Laughing gulls consumed 32.7% of all items scavenged,
brown pelicans 21.2%, royal terns 12.6%, and sandwich
terns 2.6% (Table 2). Brown pelicans were the only
species, which obtained more bycatch than predicted
relative to their abundance (SI = 0.29 4+ 0.04). The suc-
cess indices for sandwich terns (—0.60 £ 0.08), royal terns
(—0.20 £ 0.05), and laughing gulls (—0.31 &+ 0.03) were
all negative. The SI of brown pelicans was positively
affected by the sum of all birds present, the SI index of
sandwich terns was negatively affected by the sum of all
birds present, the SI of royal terns tended to decrease with
date, and none of the variables we measured had any effect
on the success index of laughing gulls (Tables 3 and 4;
Table S2).

For each of the seabirds, percifomes comprised 73-84%
of the discarded items taken, while clupeiformes comprised
11-20% of the items taken (Table 5). The model that best
predicted whether or not an item was consumed by a sea-
bird included the taxonomic order of the item, the study
area, and their interaction (model 11, Table S2). There was
a 92% probability that this model was the best model given
the data collected and models assessed, and the Hosmer—
Lemeshow goodness-of-fit test indicated an adequate fit for
this model (P > 0.9). The probability of any other model
we tested being the best model was <4%. To assess the
interaction between taxonomic order and study area, we
conducted a separate logistic regression for each study
area. In Cape Romain, clupeiformes were 5.0-19.7 times as
likely to be taken as pleuronectiformes, perciformes were
4.5-14.0 times as likely to be taken as pleuronectiformes,
other items were 1.1-4.3 times as likely to be taken as

Table 2 Percent of total discarded items from each taxonomic order taken by each seabird during commercial shrimp trawls operated in

nearshore waters of South Carolina, USA, May—August 2006 and 2007

Taxonomic order Length (mm) Number of items Percent Percent Percent Percent
range discarded consumed consumed consumed consumed
by brown by laughing by royal by sandwich
pelicans gulls terns terns
Perciformes 50-595 1,313 23.0 353 13.0 2.5
Clupeiformes 55-250 192 20.3 33.8 19.8 4.7
Pleuronectiformes 60430 105 6.7 10.5 3.8 1.0
Teuthida 50-150 33 9.1 27.3 6.1 6.1
Scorpaeniformes 75-140 30 20.0 16.7 0.0 0.0
Aulopiformes 100-230 17 11.8 17.6 0.0 0.0
Decapoda 11-140 8 0.0 0.0 0.0 0.0
Gadiformes 135-140 3 66.7 333 0.0 0.0
Tetraodontiformes 95-130 4 0.0 0.0 0.0 0.0
All items 50-595 1,705 21.2 32.7 12.6 2.6

For example, 1,313 perciformes were offered and of those 23% were taken by pelicans
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Table 3 Model selection

statistics from models assessing Species/(model number) model AAICc AICc weight

success index of eagh of the four Brown pelican

most common seabirds recorded .

during shrimp trawling (2) Seabird abundance 0.31

operations in nearshore waters (19) Julian date within year, seabird abundance 0.8 0.21

of South Carolina, USA, Laughing gull

May—-August 2006 and 2007 (1) Intercept only 021
(6) Study area 1.2 0.12
(4) Year 1.5 0.10
Royal tern
(3) Julian date within year 0.17
(1) Intercept only 0.1 0.15
(4) Year 0.9 0.10
Sandwich tern

Only models with an AICc (19) Julian date within year, seabird abundance 0.33

weight >0.10 are presented. (2) Seabird abundance 0.8 0.22

Model numbers from Table S1

Table 4 Coefficient estimates + SE for main independent variables related to success index of the four most common seabirds recorded during
shrimp trawling in nearshore waters of South Carolina, USA, May—August 2006 and 2007

Brown pelican Laughing gull Royal tern Sandwich tern
Abundance 0.002 £+ 0.0009 - - —0.004 £ 0.002
Date 0.003 + 0002 - —0.004 £ 0.002 0.005 % 0.004
Year (2006)* - —0.06 = 0.06 —0.141 £ 0.105 -
Study area - 0.06 £ 0.06 - -
Only variables occurring in models where AICc weights >0.10 are included in the table. A “~” indicates that the variable was not included in a

best model. Variables with SE < coefficient estimates are italicized. Variables with SE > coefficients are also presented because these variables
were included in at least one of the best models for a species from Table 3

Coefficient estimates and standard errors calculated via model averaging (see “Methods”) when variable included in >1 model from Supple-

mental Table 1, otherwise derived from single model

* The reference level was year = 2007. Therefore, the coefficient estimates are the differences between the variable level in parentheses and the

reference level

pleuronectiformes, and clupeiformes were 2.5-8.8 times as
likely to be taken as other items. In Charleston Harbor,
clupeiformes were 8.7-92.0 times as likely to be taken as
pleuronectiformes, perciformes were 7.7-62.6 times as
likely to be taken as pleuronectiformes, and clupeiformes
were 7.2-166.6 times as likely to be taken as other items.

Proximate composition and energy density

Summary data for energy density as well as the contents of
water, lipid, and protein for discarded fish are presented in
Table 6. Water content did not differ among species
(Fe3s) = 0.9, P =0.5), although lipid content (F(s1g) =
11.1, P < 0.0001) was higher in Atlantic croaker, broad-
striped anchovy, and star drum compared with Atlantic
menhaden, silver sea trout, Spanish mackerel, and spot.
Energy density was generally highest in broad-striped
anchovy, Atlantic croaker, and star drum and was least in

@ Springer

Atlantic menhaden (F3s) = 6.34, P < 0.0001). There
were no significant differences between demersal (drum,
spot, croaker, sea trout) and pelagic (menhaden, mackerel,
anchovy) species for either water content or energy density
(P > 0.14 for each), although lipid content was higher, but
not significantly so (t33 = 2.0, P = 0.06) in demersal
compared with pelagic fish.

Discussion
Bycatch composition and discard scavenging rates

Although there were 30-34 species recorded as bycatch in
each year and each location, just four species (i.e., Atlantic
croaker, star drum, spot, and Atlantic cutlassfish) com-
prised on average 16% of the items among years and
locations. These species are abundant demersal fish
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Table 5 Percent of total items taken by each seabird from each order during commercial shrimp trawls operated in nearshore waters of South

Carolina, USA, May—August 2006 and 2007

Seabird Number Percent Clupeiformes Percent Perciformes Percent Pleuronectiformes Percent other items
taken (n = 151/192) (n = 969/1,313) (n = 23/105) (n = 35/95)

Brown pelican 361 10.8 83.7 1.9 3.6

Laughing gull 557 11.6 83.1 2.0 33

Royal tern 215 17.7 79.5 1.9 0.9

Sandwich tern 45 20.0 73.3 22 44

n = (number taken/number offered during discard experiments)

For example, brown pelicans took 361 discards and of those 84% were perciformes

Table 6 Mean + (SE) water content, proximate composition (% wet mass), and energy density of forage fish species collected in nearshore

waters of coastal South Carolina, USA, May—August 2006 and 2007

Species Water (%) Lipid (%) Protein (%) Energy density (kJ/g)
Broad-striped anchovy (n = 4) 782 £ 1.8 9.0+ 1.6 157 £ 2.0 37+£03

Atlantic croaker (n = 6) 76.1 £ 1.1 11.8 £ 2.5 15.1 £ 0.6 41+03

Atlantic menhaden (n = 9) 77.6 £ 0.1 2.7+ 0.7 11.1 £ 1.0 2.9 4+ 0.04

Silver seatrout (n = 3) 77.5 £ 0.1 2.0+ 0.7 13.2 £ 3.2 34 +0.1

Spanish mackerel (n = 3) 76.8 £ 0.2 2.6 0.3 7.1 +£23 3.6 £0.04

Spot (n = 13) 777 £ 0.3 26+ 04 127 £ 14 32+0.1

Star drum (n = 7) 77.0 £ 0.9 10.3 + 2.0 112 £ 25 3.8+0.2

(Miglarese et al.1982; Wenner and Sedberry 1989) and are
common bycatch items in shrimp trawls throughout the
southeastern USA (FAO 1997). Furthermore, none of the
bycatch species are protected or in a restricted fishery, so
shrimp trawling would not be limited on their behalf.

Bycatch from demersal trawl fisheries often are com-
prised of benthic or benthopelegic fish, which may not
typically be available to surface- and plunge-diving sea-
birds (Furness et al. 1992; Camphuysen 1994; Garthe
et al. 1996). Although we did not collect diet samples
from colonies during this study, demersal fish (e.g., spot,
drum) have been recorded in diets of brown pelicans
(Shields 2002) and royal and sandwich terns (McGinnis
and Emslie 2001) within the region. Therefore, it appears
that discards from shrimp trawling result in a broadening
of the diet for surface-feeding and plunge-diving seabirds
in the region.

During our study, seabirds consumed ca. 70% of dis-
carded items offered, similar to rates documented in other
trawler studies (Oro and Ruiz 1997; Walter and Becker
1997; Martinez-Abrian et al. 2002). Although discards can
float for many hours (Blaber et al. 1995), that does not
appear to be the case at the South Carolina shrimp trawl
fishery. Here, sharks (primarily blacktip sharks, Carcha-
rhinus limbatus) and bottlenose dolphins (Tursiops trunc-
atus) were common at trawlers (although not quantified)
and appeared to consume many of the discarded items that

sank. Therefore, discards from this fishery appear to be a
short-lived food resource for scavenging seabirds.

Laughing gulls were the most common seabird we
observed at trawlers, comprising 65% of the birds counted
(Wickliffe and Jodice 2010), and they consumed the
highest proportion of discarded items offered both among
and within taxa. Gulls are often the numerically dominant
seabird at trawlers particularly in nearshore systems
(Walter and Becker 1997; Garthe and Scherp 2003). Gulls
did, however, take fewer discards than predicted based on
their abundance throughout the study period and this
appears to be common in other regions as well (Garthe and
Hiippop 1994; Arcos 2001). Gulls frequently attempted to
kleptoparasitize discarded items from other seabirds.
Because we were not able to quantify the success of
kleptoparasitism, it is likely that the SI of gulls was actu-
ally higher than what we estimated. Nevertheless, the
abundance of gulls at trawlers and the proportion of items
they consumed demonstrate substantial use of discarded
items by this species.

Royal and sandwich terns were observed frequently at
trawlers but comprised only 19 and 6% of the total birds
counted, respectively (Wickliffe and Jodice 2010). During
our study, both terns captured fewer discards than predicted
based on their abundance and this appears to be common
for terns as a group (Garthe and Hiippop 1994; Arcos
2001). Both tern species appeared to take Clupeiformes,
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a common item in their natural diets, more frequently
compared with other discarded items. Success indices for
terns may be relatively low because they tend to be spe-
cialized foragers and single-prey loaders (Furness et al.
1988; Arcos et al. 2002). Competition with larger or more
aggressive species also may negatively affect their success
rates, particularly for the smaller sandwich tern when the
density of birds at trawlers is high. Although terns do not
appear to be efficient scavengers of discards, their fre-
quency of attendance at trawlers does appear to be high
(Yorio and Caille 1999; Martinez-Abrian et al. 2002;
Valeiras 2003; Wickliffe and Jodice 2010), suggesting
some benefit is accrued by individuals.

No other studies have reported on the attendance of
pelicans at discarding vessels. Pelicans comprised 10% of
the birds we counted at trawlers (Wickliffe and Jodice
2010), captured 21% of the items offered, and were the
only species with a positive SI. Pelicans may be relatively
efficient at capturing discarded items in this fishery because
they utilize multiple foraging strategies (surface-seizing
and plunge-diving), can access prey both at and beneath the
surface, can consume prey across a large size range, and
are not single-prey loaders (i.e., can forage at a location for
extended periods of time; Shields 2002). The positive
relationship between the SI of pelicans and the sum of birds
present appears to result from their ability to successfully
seize prey from the surface when the density of seabirds at
trawlers, and hence competition, increases.

Discard fate was most strongly affected by taxonomic
order. Clupeiformes and perciformes were commonly
selected in both study areas. Clupeiformes constitute a
substantial portion of the natural diets of brown pelicans,
royal terns, and sandwich terns (McGinnis and Emslie
2001; Shields 2002). Pleuronectiformes (i.e., flatfishes, not
a typical diet item) were unlikely to be scavenged from
discards by seabirds. The apparent preference for clupei-
formes and perciformes compared with pleuronectiformes
may be due to differences in the shape of the body between
these two orders. Walter and Becker (1997) found that
round-bodied prey such as clupeiformes and perciformes
were consumed more frequently.

Despite being readily scavenged from discards, clupei-
formes comprised <6% of the bycatch we sampled. It
appears, therefore, that seabirds would be unlikely to
scavenge at trawlers specifically for clupeiformes, a com-
mon, natural diet item for each of these seabirds. However,
small and medium-sized perciformes, which were con-
sumed readily by seabirds during discard experiments,
represented a much larger portion of the bycatch sample
(66.5%). Although demersal perciformes may not be a
common item in the natural diet for these four seabird
species in the region, the relative abundance of this group
as discarded bycatch and their round body shape may make

@ Springer

them an acceptable alternative diet item. For example,
perciformes comprised over 40 and 10% of diet items fed
to chicks of royal and sandwich terns, respectively, in one
North Carolina study (McGinnis and Emslie 2001).

Proximate composition and energy density

Although our sample size of fish was low for these analyses
and hence results should be interpreted cautiously, few
other data are available on energy density or proximate
composition of forage fish from this region (Gooch et al.
1987). The range in energy density among discarded taxa
was relatively narrow in this study, and the energy density
and protein content of demersal species were slightly
higher compared with pelagic species. In contrast, energy
density of forage fish from higher latitudes can range
greater than fivefold and is often greater in pelagic com-
pared with demersal species (Anthony et al. 2000). Narrow
ranges in energy density may be more common in low-lipid
fish from warm-water regions where annually food is rel-
atively stable compared with higher latitudes (Stickney and
Torres 1989). Our data suggest that seabirds scavenging on
discards did not face a wide range in diet quality nor was
the discard process supplying seabirds with low-quality
forage fish, or junk-food (Jodice et al. 2006; Grémillet et al.
2008). Other studies have found, however, that demersal
fish made available through trawler discards can contain
higher contaminant levels compared with pelagic species,
and in this way, the discarding process functionally moves
contaminants across ecological boundaries and makes
these contaminants accessible to predators that would not
normally be exposed (Monteiro et al. 1996; Arcos et al.
2002; Jodice and Suryan 2010). Although proximate
composition and energy density can change as samples
become dehydrated or spoil, bycatch in our study was
usually discarded soon after haulback and consumed rap-
idly leaving little opportunity for deterioration of quality.

Conclusions

Pelicans, terns, and gulls successfully foraged upon dis-
carded bycatch provided by shrimp trawlers during the
seabird breeding season and captured approximately 70%
of the bycatch discarded in experiments. Most of the items
taken by these surface-feeding and plunge-diving seabirds
were demersal fish and hence not likely to be common
natural diet items. Our limited data suggest that discards do
not create a junk-food scenario with respect to diet quality,
although larger sample sizes and seasonally varied samples
would benefit such an assessment.

Because this study was one of the first to examine the
relationship between seabirds and discarded bycatch in this
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region, our understanding of this interaction remains quite
basic. Although we documented that seabirds regularly
attend trawlers (Wickliffe and Jodice 2010) and that a large
proportion of discarded bycatch is scavenged by seabirds,
the contribution of these items to adult diets and chick diets
remains unknown. There is also a lack of data on the total
mass of discards available and the number of vessels
operating within the fleet, although the fishery has expe-
rienced a decline over the past decade due primarily to
economic factors (SAFMC 2009). Nonetheless, shrimp
fisheries are common in the southeastern and Gulf of
Mexico regions of the USA, are the primary contributor to
discards in these regions, and have relatively large ratios of
discard biomass to landing biomass (Harrington et al. 2005;
SAFMC 2009). Therefore, the impact of the fleet on sea-
birds may be great and needs to be considered in the
management of nearshore marine systems. This may be
particularly relevant when assessing seabird population
dynamics, which we were unable to address due to a
lack of long-term datasets (e.g., diet, productivity, discard
rates). Ultimately, an energetics-based analysis that con-
siders not only the cost of seabird foraging but also the
energetic value and availability of prey may best elucidate
the ecological relationship between seabirds and discards
in the region and hence provide the greatest opportunity
to understand the management and conservation implica-
tions of the dynamics of the shrimp fleet on locally
breeding seabirds. Such an assessment may be particularly
relevant following natural and anthropogenic stressors or
catastrophes.
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