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For immature animals, diet quality and composition influence expression of life history traits such as growth
rates and ultimately life stage duration and age to maturity. Circumglobally distributed loggerhead turtles
(Caretta caretta) exhibit a multi-decade immature stage that generally occupies neritic habitats and is
characterized by slow growth and an omnivorous diet. Although adult nesting populations are geographically
distinct, foraging areas for immature loggerheads show a high degree of mixing of individuals that originate
from multiple nesting stocks. Furthermore, despite their generalist foraging ecology, immature loggerheads
have been observed to supplement their natural diets with fish from fishery discards and/or caught in fishing
gear. However, whether trophic opportunism results in variation in loggerhead growth rates within or among
feeding areas has not been investigated. In Core Sound, North Carolina (NC), USA, immature loggerheads
demonstrate highly variable size-specific growth rates, in contrast to other studies that report discernible
somatic growth functions in immature marine turtles. To determine whether inter-individual variation in
growth rates at this site was due to variation in diet composition, and specifically variation in consumption of
fish, we analyzed carbon and nitrogen stable isotope ratios of loggerhead blood plasma and of tissue samples
of putative loggerhead prey, as well as commercially important fish species. Our results indicated that growth
rates were not related to trophic levels at which individual turtles fed, but rather probably reflected inter-
individual variation in overwintering or foraging behavior (i.e. nearshore vs. offshore). Furthermore,
loggerhead diets were highly diverse, and comprised mainly blue crabs and/or whelks, as well as small
proportions of cannonball jellies. Fish were unimportant dietary components for loggerheads. Although
loggerheads in NC do not appear to feed on fish catch or discards, immature turtles showed dietary
preferences for prey items that are also valuable to or are commonly taken as bycatch in commercial fisheries
(e.g. blue crabs and whelks, respectively) in the region. Thus, the status of these prey items/fishery stocks as
well as trends in loggerhead populations should be monitored to mitigate potential competitive interactions
between fisheries activities and loggerhead turtles.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Diet quality and composition are important proximate influences
on expression of life history traits, such as growth rates and
reproductive output. For immature animals, diet selection has
implications for life stage durations and ultimately the time required
to reach sexual maturity, which is a key driver of population dynamics
(Caswell, 2001). Thus, it is beneficial for immature animals to
maximize somatic growth rates through optimal resource acquisition
and assimilation to minimize time spent in early life stages more
vulnerable to predation and expedite attainment of sexual maturity
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(Stearns, 1992). However, resource quality, availability, and acquisi-
tion by consumers are constrained by several factors in natural
systems, among them climatic variables, dynamic trophic interactions,
and the consumer's physiological state (Dunham et al., 1989). For
reptiles in particular, prey availability interacts with biophysical
factors of the environment to constrain tradeoffs between exclusive
components of time-energy budgets (Congdon, 1989).

Marine turtles exhibit complex life histories characterized by slow
growth, late maturity, long lifespan, and multiple life stages that can
encompass entire ocean basins and several decades (Chaloupka and
Musick, 1997). Despite geographic segregation of nesting populations,
immature marine turtles from the same breeding population typically
occupy multiple foraging sites (Musick and Limpus, 1997), and turtles
from multiple breeding populations are often present in individual
feeding areas (Bowen and Karl, 2007). Resource variability across the
broad geographic ranges inhabited by marine turtles has been linked
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to intra-specific differences in somatic growth rates and growth
functions (Bjorndal et al., 2000a, 2003). Although monotonic
declining growth functions have been reported for immature marine
turtles in several cases (e.g. Bjorndal et al., 2000a,b), deviations from
this pattern have also been reported (Chalopuka and Limpus, 1997;
Limpus and Chaloupka, 1997). Juvenile green turtles (Chelonia mydas)
at a foraging site in the Bahamas demonstrated density dependent
somatic growth, indicating the likely role of resource limitation in
decreased somatic growth rates (Bjorndal et al., 2000a). Similarly,
Limpus and Chaloupka (1997) suggested the possibility of environ-
mental effects on annual growth rate patterns of green turtles from
the southern Great Barrier Reef, Australia. Immature, oceanic-stage
loggerhead turtles (Caretta caretta) in the North Atlantic Ocean exhibit
compensatory growth, a process by which individuals exhibit ‘catch-
up’ growth during periods of high resource abundance or improved
environmental conditions to compensate for previous periods of
scarce or unpredictable resources and suboptimal environmental
conditions (Bjorndal et al., 2003). In contrast, Snover et al. (2007)
found no evidence of compensatory growth in immature Kemp's
ridley turtles (Lepidochelys kempii), revealing differential effects of
variation in quality of feeding areas inhabited by different individual
turtles. Thus, variation in growth rates and functions within and
among populations appears to reveal variation in resource availability
and/or quality and environmental conditions that influence nutrient
acquisition and assimilation (Bjorndal, 2003).

The loggerhead turtle is perhaps the best researched sea turtle
species, with most studies of loggerhead growth and life history traits
concentrated on the nesting population along the southeast coast of
the USA, in theWestern Atlantic Ocean. After completion of an oceanic
life stage that lasts between 6 and 12 yr (Bjorndal et al., 2000b),
immature loggerheads recruit gradually to neritic foraging areas at
sizes between 46 cm and 64 cm straight carapace length (SCL), and
reside in these habitats for roughly 20 yr (Braun-McNeill et al., 2008)
until reaching adulthood at a minimum size of around 87 cm SCL
(Bjorndal et al., 2000c). Loggerhead diets during later life stages are
highly diverse and typically carnivorous, largely comprised of
mollusks and crustaceans that occur in neritic habitats (see Dodd,
1988 for review). However, even within neritic feeding areas,
loggerheads show geographic variation in diet composition, and also
consume certain prey items opportunistically (Dodd, 1988; Burke et
al., 1993; Plotkin et al., 1993; Frick et al., 2001; Revelles et al., 2007;
Seney and Musick, 2007).

Human activities (i.e. fishing) can also influence loggerhead
foraging ecology. Various fish species have been identified among
loggerhead diet items, indicating opportunistic foraging by logger-
heads on fishery discards or catch because loggerheads are not
considered to be sufficiently maneuverable to catch live fish in open
water (Dodd, 1988; Plotkin et al., 1993). Recently, Seney and Musick
(2007) reported a long-term temporal shift in diet composition in
loggerheads in Chesapeake Bay, USA, based on stomach content
analyses that reflected indirect effects of sequential overharvest of
target species by different fisheries. Loggerhead diets consistedmainly
of horseshoe crabs (Limulus polyphemus) during the 1970s, blue crabs
(Callinectes sapidus) during the 1980s, and fish during the 1990s.
These changes tracked concurrent pattern of landings of each target
species (first horseshoe crabs, then blue crabs) over this time period,
and the dietary shift to fish by loggerheads probably reflected dietary
supplementation with fishery discards due to the decline in their
typical prey items (Seney and Musick, 2007).

The Pamlico–Albemarle estuarine complex in North Carolina, USA
(hereafter ‘NC’) (Fig. 1), is a mixed-stock foraging ground for
immature, neritic-stage loggerheads (Bass et al., 2004) and is a
long-term index site for the southeastern USA loggerhead population
(Braun-McNeill et al., 2007a; Epperly et al., 2007). Loggerheads
interact with several fisheries in this region, but the index population
study has primarily focused on loggerheads incidentally captured in
poundnet gear (Epperly et al., 2007). Although immature marine
turtles typically exhibit identifiable, size-dependent growth patterns
(see above), Braun-McNeill et al. (2008) recently reported the
absence of a detectable growth function among immature logger-
heads in this NC foraging complex. The influence of diet composition
on variation in observed growth patterns of NC loggerheads has not
been investigated explicitly, but has important implications for
elucidating how life history variation can influence population
dynamics of a threatened marine species. As illustrated by Seney
and Musick (2007), it is possible that some individual loggerheads in
NC supplement their diets by taking advantage of fishery discards or
target catch in poundnets or other fishing gear, and that consumption
of this relatively high energy resource (Doyle et al., 2007) could
influence inter-individual variation in growth rates.

Analyses of naturally occurring stable isotope ratios (13C:12C or
δ13C and 15N:14N or δ15N) to investigate many ecological questions,
including those relating to foraging ecology, have becomewidespread
in recent years. Generally, δ15N is used to determine trophic relation-
ships among species and/or to characterize the breadth and complex-
ities of the trophic niche occupied by a particular consumer(s) within
a food web (DeNiro and Epstein, 1981; Bearhop et al., 2004), while
δ13C is used to determine carbon pathways and foraging locations
(DeNiro and Epstein, 1978). Stable isotope analyses (SIA) have been
applied in several trophic ecology and physiology studies of marine
turtles (e.g. Godley et al., 1998;Wallace et al., 2006; Reich et al., 2007).
However, determination of diet composition using stable isotopes for
the purposes of investigating causes underlying observed growth
functions has not occurred for marine turtles. In this study, we used
SIA to 1) describe diet composition in NC loggerheads and 2) explore
whether the variation in growth rates of NC loggerheads were
influenced by inter-individual variation in diet selectivity, including
any particular role played by fishery interactions (i.e. fish discards or
depredation).

2. Materials and methods

2.1. Study area

The Pamlico–Albemarle estuarine complex in North Carolina, USA,
is the third largest estuarine system in North America and the largest
in the southeastern USA (Epperly et al., 2007) (Fig. 1). For a full
description of the study site, the poundnet fisheries, and the
population study including tagging and body size measurements,
see Epperly et al. (2007) and Braun-McNeill et al. (2008).

2.2. Tissue sampling and preparation

Over the course of the population study, blood samples (up to
5 mL) were obtained from the dorsal cervical sinus (following Owens
and Ruiz, 1980) of loggerhead turtles for several applications (e.g.
hormonal assays). For the current study, we used blood plasma
samples remaining from previous analyses that had been stored in
−80 °C freezers (Braun-McNeill et al., 2007b). To analyze the
relationship between somatic growth rates and stable isotope
signatures of NC loggerheads, we selected plasma samples from
individual turtles that had been captured multiple times (n=49
samples from 21 turtles; 15 turtles with two samples, 5 turtles with
three samples, and 1 turtlewith four samples) collected between April
and November during the period 2003–2007. These turtles were
assumed to be residents in the foraging areas within which they were
caught, based on seasonality and frequency of capture events. For the
determination of diet compositions as well as possible relationships
between isotopic signatures and body size, we also included plasma
samples from an additional 28 turtles from the entire distribution of
body sizes observed at the NC site (42–102 cm SCL; Braun-McNeill
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et al., 2008). In total, we analyzed 77 plasma samples from 49
individual turtles.

We also obtained samples of several potential prey items for
loggerheads in the same region (i.e. Core Sound, NC; Fig. 1) including
muscle from blue crab (n=4), whelk (Busycon spp.) (n=10), spider
crab (Libinia emarginata) (n=11), horseshoe crab (n=10), and
cannonball jellies (Stomolophus meleagris) (n=5; homogenized
whole body tissue), as well as two locally important commercial
fish species, spot (Leiostomus xanthurus) (n=8) and southern
flounder (Paralichthys lethostigma) (n=9).

All samples were dried at 60 °C for 48–72 h and pulverized prior to
encapsulation for analysis. We did not extract lipids from any tissue
samples, but instead mathematically corrected for lipid content of
samples following the methodology of Post et al. (2007).

2.3. Sample analyses

We loaded between0.3 and1.8mg tissue subsamples into sterilized
tin capsules and analyzed them with a continuous-flow isotope-ratio
mass spectrometer at the Duke University Environmental Stable
Isotope Laboratory (DEVIL), Durham, NC, USA. We used a Costech
ECS 4010 elemental combustion system interfaced via a ConFlo III
device to a Finnigan MAT Delta Plus XL continuous flow mass
spectrometer (Bremen, Germany). Thus, we obtained both stable
isotope and elemental composition data for carbon and nitrogen for all
samples. We expressed stable isotope ratios of samples relative to
Fig.1.Map of study area, Pamlico–Albemarle estuarine complex, North Carolina, USA. Symbo
study from 2003–2007.
isotope standards in the following conventional delta (δ) notation in
parts per thousand (‰): δ=[(Rsample/Rstandard)−1]⁎1000; where
Rsample and Rstandard are the corresponding ratios of heavy to light
isotopes (13C/12C; δ13C and 15N/14N; δ15N) in the samples and
standards, respectively.

2.4. Data analyses

We estimated annual growth rates of individual loggerheads by
calculating the difference in SCL (length from the nuchal notch to the
tip of the posterior marginal scutes) between consecutive captures
and dividing by the time at-large (Bjorndal et al., 2000a). However, we
only included turtles in the growth rate vs. isotopic signature analysis
if paired samples were obtained ≥11 months apart (Braun-McNeill et
al., 2008), which reduced the number of turtles in the analyses to 15
individuals.

To account for potentially confounding effects of turtle identity and
year we treated turtle identity as a random effect and year as fixed
effects in linear models and used the residuals of the response
variables (i.e. body sizes, growth rates, isotopic signatures) from these
models in further linear regression analyses. Thus, all variables
referred to in the presentation and discussion of results of regression
analyses below represent residual values, not observed values, unless
otherwise noted. This procedure also allowed us to include multiple
values from the same turtles in analyses of growth rates and changes
in stable isotope values.
ls denote capture sites for all turtles fromwhich samples were taken and analyzed in this



Fig. 2. Frequency distributions of a) δ13C and b) δ15N values (ppt: parts per thousand,‰)
for immature loggerhead turtles sampled in North Carolina, USA (n=49 samples from
21 turtles; 15 turtles with two samples each, five turtlewith three samples each, and one
turtle with four samples).
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Because the stable isotope signatures of a consumer's tissues
reflect the incorporation of nutrients derived from the mixture of prey
tissues assimilated, it is important to know not only the prey items but
also the relative proportions in which those items are consumed.
Applications of linear mixture models to SIA have allowed for
determinations of diet composition of consumers when the stable
isotope signatures of the consumer and multiple potential prey items
are known (Phillips and Gregg, 2001, 2003; Phillips et al., 2005). We
implemented IsoSource (Phillips and Gregg, 2003) to generate
potential scenarios of diet compositions using isotopic signatures of
loggerhead plasma as well as combinations of isotopic signatures of
potential prey items. Briefly, IsoSource iteratively creates combina-
tions of source isotope values (i.e. potential prey items) that result in
all possible solutions for the observed mixture value (i.e. loggerhead
signatures). The software allows the user to set certain parameters
such as the iterative adjustments of the source proportions (i.e.,
‘source increment’), and the degree to which the mixture values are
similar to or different from the source proportions (i.e., ‘mass balance
tolerance’) (Phillips and Gregg, 2003). We set the source increment to
1.0% and the mass balance tolerance to 0.1‰. Thus, all possible
combinations of source proportions at increments of 1.0% that
summed to the mixture value within 0.1‰ were considered feasible
solutions. The IsoSource software then reports the minimum and
maximum proportion for each source, which provides the range of its
possible solutions to themixture. Therefore, the relative importance of
individual sources is assessed by comparing the distributions of their
proportional contributions to the mixture (Phillips and Gregg, 2003).

Following the recommendations of Phillips et al. (2005), we
grouped prey items with statistically similar isotopic signatures in
order to simplify the analyses and the interpretation of results. In
particular, we grouped spot and flounder isotopic signatures to create
a ‘fish’ value, and we grouped blue crab and whelk to create a ‘blue
crab+whelk’ group because Student's t-tests showed no significant
differences (pN0.05) between δ13C and δ15N for the two prey items in
these groups. All other prey items were statistically distinct from each
other, and were thus included in the IsoSource model runs as separate
sources. Thus, our IsoSource models had the loggerhead isotopic
signature as the mixture with isotopic signatures of five prey items as
sources: ‘blue crab+whelk,’ horseshoe crab, spider crab, cannonball
jelly, and ‘fish.’

Although the stable isotope signatures of animal tissues reflect the
isotopic signatures of their diets, the rate at which isotope ratios of
diet items become incorporated in consumer tissues varies with the
level of metabolic activity of the tissue in question (isotopic turnover
rate) and the effects of biochemical fractionation of isotopes during
tissue catabolism (DeNiro and Epstein,1978,1981; Hobson,1999). Due
to selectivity for heavier isotopes during metabolic processes, animal
tissues tend to be enriched relative to their diet by 0–1‰ for δ13C and
3–4‰ for δ15N per trophic level (DeNiro and Epstein, 1978, 1981;
Minagawa and Wada, 1984; Hobson, 1999), although discrimination
factors (Δdt) can vary significantly. Although the application of
discrimination factors that are appropriate for the species, life stage,
and physiological state of an experimental organism is critical for
accurate interpretation of stable isotope analyses (Gannes et al., 1997;
Seminoff et al., 2006, 2007; Reich et al., 2008), such situation-specific
discrimination factors are rare. In our study, we accounted for isotopic
discrimination between loggerhead isotopic signatures and those of
their putative prey using discrimination factors measured in blood
plasma of post-hatchling loggerhead turtles (CCLsb15 cm; Δdt δ13C:
−0.38, Δdt δ15N: 1.50; Reich et al., 2008) and juvenile green turtles
(CCLsb60 cm; Δdt δ13C: −0.12‰, Δdt δ15N: 2.92‰; Seminoff et al.,
2006). In both of these studies, turtles were held in captivity under
controlled ambient and dietary conditions. However, using Reich et
al.'s (2008)Δdt values for small loggerheads, wewere unable to obtain
results from the mixture models. Thus, the results we report are from
mixture models using the Seminoff et al. (2006) values for immature
green turtles. Despite the mismatch of Δdt values and SIA values from
two different species, the animals in our study were more similar in
body size, and thus presumably in somatic growth rates and Δdt

values, to the animals used in the Seminoff et al. (2006) study than the
post-hatchlings used in the Reich et al. (2008) study.

3. Results

3.1. Body size and growth rates

Body sizes of loggerheads sampled in this study, only including the
first sampling event, ranged from 48.8 cm to 102.5 cm SCL (notch-to-
tip) (mean±SD: 70.1±13.2 cm, n=45 turtles). Growth rates for
turtles assumed to be resident in the foraging area ranged from−0.96
to 3.04 cm yr−1 (1.14±1.12 cm yr−1). However, there was no
discernible relationship between body sizes and growth rates
(pN0.05) in our sub-sample of turtles, in agreement with Braun-
McNeill et al. (2008), who analyzed growth rates of 160 individual
turtles (both residents and seasonal migrants) over a 12-yr period.

3.2. Trophic niche width for NC immature loggerheads

Stable isotope signatures varied widely for both δ15N and δ13C
among immature loggerhead plasma samples. When considering only



Table 1
Elemental composition values and stable isotope signatures for loggerhead turtles and
potential prey items.

Prey item %N %C C:N δ15N δ13C

Loggerhead (n=49) 10.58 36.42 3.45 12.63 −17.15
1.38 5.30 0.24 1.83 1.61

Blue crab (n=4) 12.00 38.61 3.23 9.28 −16.26
1.36 2.70 0.15 0.38 1.65

Whelk (n=10) 13.09 44.76 3.42 9.41 −17.01
0.67 1.47 0.16 0.57 0.70

Blue crab+whelk (n=14) 12.78 43.00 3.37 9.37 −16.80
1.00 3.39 0.18 0.51 0.51

Spider crab (n=11) 12.77 41.68 3.27 10.65 −17.92
0.88 2.81 0.19 0.48 1.33

Horseshoe crab (n=10) 12.30 43.35 3.53 11.62 −16.97
0.89 2.31 0.10 0.46 1.31

Cannonball jelly (n=5) 5.86 26.18 4.44 7.92 −18.85
1.53 7.64 0.17 0.22 0.08

Spot (n=8) 9.94 56.28 6.06 12.37 −16.77
2.29 5.09 1.99 1.47 2.77

Flounder (n=10) 12.65 44.89 3.69 12.91 −18.47
2.51 3.98 0.84 1.26 3.23

Fish (spot+flounder) (n=18) 11.29 50.58 4.88 12.64 −17.62
2.71 6.92 1.92 1.36 3.05

Values shown are means above standard deviations.
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the stable isotope signatures of turtles on their final recapture (n=21
individuals) as well as all values for those turtles only captured once
(n=28 individuals; n=49 total), values of δ13C varied more than 9‰
(−12.5‰ to −21.6‰), but N90% of the δ13C values were within 3‰
(Fig. 2a). Values of δ15N varied almost 7‰ (8.4‰ to 15.1‰) (Fig. 2b).
3.3. Stable isotope signatures of loggerheads versus body size and growth
rates

There were no significant relationships between δ15N (p=0.52)
and δ13C (p=0.15) and body size (SCL) of loggerheads measured at
the initial capture event. Growth rates were not significantly related to
either δ15N (p=0.14) or δ13C (p=0.83) from samples taken on the
2nd capture event for each turtle. Likewise, there was no relationship
between growth rates and %C (p=0.90), %N (p=0.91), or C:N
(p=0.93) of loggerhead plasma upon recapture.
Fig. 3. δ13C and δ15N values (ppt: parts per thousand,‰) for immature loggerhead turtles and
Carolina, USA. Points and error bars represent means and 1 standard deviation (see Table 1
We also compared growth rates to the differences in isotopic
signature and elemental composition for loggerheads between initial
and subsequent events. Growth rates were not significantly related to
the differences in values of δ15N (p=0.86), δ13C (p=0.68), %C
(p=0.68), %N (p=0.46), or C:N (p=0.63) between capture and
recapture events.

3.4. Diet composition

The breadth of the mixing space (i.e. potential loggerhead diet
composition) is determined by the isotopic values of the individual
source endpoints (i.e. prey signatures), and feasible combinations of
sources can be assessed qualitatively by visualizing the mixture value
within various mixing spaces created through different source
combinations (Fig. 3). Essentially, the closer the mixture value is
graphically to a particular source or sources, the greater the
contribution of that source or combination of sources to the mixture.
After adjusting prey values for discrimination factors, loggerhead δ15N
values were similar to those of ‘blue crab+whelk,’ but intermediate
between those of ‘fish’ and cannonball jellies (Fig. 3).

The results of the IsoSource mixture model demonstrated the
strong contribution of the ‘blue crab+whelk’ source to the diet of
loggerhead turtles in our study (Table 2; Fig. 4). The 1–99th percentile
of feasible proportions of ‘blue crab+whelk’ in loggerhead diets was
between 0.46 and 0.70. The only other source that consistently
represented a detectable proportion of loggerhead diets was cannon-
ball jellies, with 1–99th percentiles of feasible solutions between 0.04
and 0.23. Other prey items contributed to the mixture at low levels
from (in descending order) spider crabs to horseshoe crabs to fish
(Table 2; Fig. 4). Thus, these prey items most frequently represented
small to negligible proportions of loggerhead diets in model runs
(Fig. 4).

4. Discussion

Variation in growth rates and functions is an important driver of
population dynamics, especially in long-lived species that exhibit slow
growth and late maturation (Caswell, 2001; Chaloupka and Musick,
1997). In this study, inter-individual variation in immature loggerhead
growth rates was not related to differences in diet composition among
loggerheads, as inferred from stable isotope analyses of their blood
their putative prey items (values adjusted by discrimination factors) sampled in North
for values).



Table 2
Results from IsoSource model runs showing frequencies and ranges of all feasible
proportions of each source (i.e., prey item) to the mixture (i.e., loggerheads).

Prey item 1st
percentile

50th
percentile

99th
percentile

Minimum Maximum Mean SD

Blue crab
+whelk

0.46 0.59 0.70 0.41 0.73 0.59 0.05

Cannonball
jellies

0.04 0.14 0.23 0 0.25 0.14 0.04

Horseshoe
crab

0 0.08 0.28 0 0.35 0.10 0.07

Spider crab 0 0.10 0.23 0 0.40 0.11 0.08
Fish 0 0.05 0.17 0 0.21 0.06 0.05
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plasma collected on neritic foraging grounds. Specifically, our results
did not demonstrate a significant contribution of fish to loggerhead
diets, suggesting that loggerheads rarely supplemented their natural
diets with fishery discards or fish caught in fishing gear. Furthermore,
we found that North Carolina loggerhead diets were diverse (Fig. 2),
but comprised large proportions of blue crabs and/or whelks, as well
as small proportions of cannonball jellies (Fig. 4). Although variation
in loggerhead diets does not appear to influence intra-population
variation in somatic growth rates, observed growth patterns in these
turtles might be due to variation in other traits, such as behavioral
polymorphisms in overwintering and/or spatio-temporal foraging
strategies (McClellan and Read, 2007). Elucidating sources of variation
in somatic growth rates and functions of immature loggerheads
among distinct nursery areas, as well as population-level effects of this
variation, should be a priority for conservation research.

Because different tissues reflect dietary stable isotope signatures
incorporated over time periods of varying lengths, selection of the
appropriate tissue(s) should depend on the length of the time period
relevant for a given stable isotope study (Hobson, 1999). The turnover
rate of blood plasma is among the fastest of any tissue (Hobson, 1999;
Seminoff et al., 2007; Reich et al., 2008); therefore, isotopic signatures
of plasma tend to reflect consumer diets integrated over relatively
short time periods (e.g., days to weeks for endotherms, weeks to
months for reptiles). The stable isotope signatures of loggerhead
plasma that we report here probably reflect the trophic history of
these turtles within the previous months in neritic foraging grounds,
thus neglecting incorporation of diet items over a longer time period.
Furthermore, we did not account for the strong influence of rapid
Fig. 4. Results of IsoSourcemodel showing loggerhead trophic space formed by putative prey
the mixture (i.e. loggerheads) for all solutions (see text for more details).
growth in immature loggerheads on isotopic signatures of different
tissues (Reich et al., 2008). Further, due to differing isotopic
replacement rates among tissues (e.g. plasma vs. skin; Reich et al.,
2008), as well as other sources of variation in isotopic signatures,
future isotope studies involving diet composition of wild loggerheads
should compare signatures of different tissue types to capture trophic
variation over different time scales and should assess the degree of
inherent variation in isotopic signatures among individuals in a
population (Barnes et al., 2008).

Among the recaptured turtles, we found no relationship between
successive isotope signatures and growth rates, indicating that any
dietary shifts reflected in plasma isotope signatures were not linked to
growth rate patterns. Variation in growth rates and functions in sea
turtles and other animals can be influenced by resource availability
and/or quality, as well as environmental conditions (Dunham, 1978;
Congdon, 1989; Bjorndal et al., 2003). Although all the turtles in our
study were presumed to be neritic foragers with similar prey
resources available to them during the summer months, differences
among overwintering habitats or offshore foraging areas utilized by
individuals could have influenced somatic growth rates through
differences in prey availability and/or distribution, thermal environ-
ment, or both (Hatase et al., 2002; Hawkes et al., 2006, 2007;
McClellan and Read, 2007; Hatase and Tsukamoto, 2008). For
example, Hatase and Tsukamoto (2008) reported that adult female
loggerheads that returned to nest after 2 yr occupied neritic habitat
with high prey quality while 3 yr remigrants occupied oceanic areas of
lower prey quality. McClellan and Read (2007) described behavioral
dichotomies among individuals from the same immature loggerhead
population in the present study that entailed both oceanic as well as
neritic foraging strategies. Loggerhead distribution in the north-
western Atlantic is constrained by lower thermal limits of water
temperatures (Hawkes et al., 2007), and prey availability is less
abundant and predictable in oceanic habitats in comparison to neritic
habitats (Hatase et al., 2002). For these reasons, we hypothesize that
the observed inter-individual variation in somatic growth patterns in
NC loggerheads is due to variation in habitat selection, whereby
turtles that leave coastal areas and enter oceanic habitats exhibit
slower growth rates, regardless of body sizes, than individuals that
remain in neritic habitats.

Blue crabs and/or whelks comprised roughly half of NC loggerhead
diets (Table 2, Fig. 4), confirming results of previous loggerhead diet
studies that showed dominance of crabs and mollusks (Dodd, 1988;
items. Frequency distributions represent feasible source proportions of each prey item to
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Burke et al., 1993; Plotkin et al., 1993; Frick et al., 2001). Regional
variation in contributions of specific prey items is also apparent, as
spider crabs were more prevalent than blue crabs for loggerheads
elsewhere in southeastern USA (Georgia: Frick et al., 2001) and in the
northeastern USA (New York: Burke et al., 1993), and sea pens were a
dominant prey item in the Gulf of Mexico (Plotkin et al., 1993). These
regional differences might be due to variation in community
assemblages of benthic macroinvertebrates, seasonal life cycle
patterns of invertebrate prey species, differences in local environ-
mental conditions, or differences in anthropogenic impacts on marine
foodwebs that include immature loggerheads (Plotkin et al., 1993;
Seney and Musick, 2007).

In addition to blue crab and whelk, cannonball jellies appeared as
the only other consistent diet item, although representing a small
proportion of NC loggerhead diets, which indicated regular foraging
on pelagic (i.e. water column) prey (Table 2; Fig. 4). Although
immature loggerheads are principally benthic foragers, previous
studies have reported evidence of pelagic foraging through identifica-
tion of stomach contents and inferences via stable isotope analyses
(Dodd,1988; Plotkin et al., 1993; Bjorndal, 2003; Revelles et al., 2007).
In particular, gelatinous organisms (e.g. Cnidarians, Urochordates)
have been documented as ingested prey items for immature, neritic-
stage loggerheads worldwide (Dodd, 1988; Plotkin et al., 1993;
Revelles et al., 2007; this study). In addition, loggerheads are known
to ingest other items that occur in the water column but do not
constitute typical loggerhead prey, such as anthropogenic debris and
discarded fish and shrimp (Penaeus spp.), thus reflecting the
opportunistic, generalist foraging strategy of loggerheads (Dodd
1988; Plotkin et al., 1993; Bjorndal 2003). In the Mediterranean, this
trophic generalization resulted in no differences in diet compositions
of immature loggerheads from pelagic and continental shelf areas,
withmajor diet items including cephalopods, jellies, and fish (Revelles
et al., 2007).

In contrast to other studies, our stable isotope analyses revealed
that fish contributed very little, if at all, to loggerhead diet
composition (Table 2; Fig. 4). Seney and Musick (2007) reported a
historical shift in the major diet item in loggerheads in Virginia, USA,
from horseshoe crabs to blue crabs to fish, which corresponded to
fisheries-induced declines in the stocks of the first two targets.
According to the authors, loggerhead diets in Virginia have reflected a
shift in recent years toward reliance on opportunistic consumption
discards and catch from fisheries operations as abundance of their
preferred prey types has been depleted by overexploitation (Seney
and Musick, 2007). Overexploitation of various target and non-target
species by fisheries activities has also been linked to alterations in diet
composition of cetaceans, seabirds, and predatory fish (Dayton et al.,
1995). Moreover, marine predators that opportunistically consume
fishery discards can gain potential competitive advantages over other
species and/or conspecific populations. For example, diet composition
of several seabird species exhibit shifts to predominance of fishery
discards when such resources are made available during seasonal
fishing operations, and this form of dietary supplementation can
result in enhanced breeding success and population increases (Bax,
1998).

In this context, while it is possible that some of the prey items
could have been obtained from trawl discards, our results suggest that
loggerhead prey were available in NC waters in sufficient quantities
that turtles did not need to supplement their diets significantly with
resources that are not naturally occurring diet items. However, the
stock status of blue crabs in NC is currently of concern, due to an
ongoing decrease in commercial landings that began in 2000 after a
period of peak yield by the fishery (Eggleston et al., 2004). Likewise,
whelks are taken as bycatch in crab trawl fisheries in the region, and
98% of all whelk landings from 1994 to 2001 occurred in Core Sound
(the present study site) (NCDENR, 2004). For these reasons, the
significance of blue crabs and/orwhelk in NC loggerhead diets that we
report here emphasizes the potential for competition between
loggerheads and crab fisheries. The magnitude of this conflict will
depend on whether blue crab and whelk populations are presently
robust enough to sustain predation from an apparently growing
population of immature loggerheads (Epperly et al., 2007), as well as
to maintain sufficient yield to support a viable fishery. Predation by
marine consumers on target species of fisheries is a major issue in
many marine ecosystems worldwide, as marine mammals and
seabirds are considered to be capable of consuming as much or
more commercially important fish than competing fisheries catch
(Bax, 1998). Loggerheads are thought to interact frequently with pots
and trawls targeting crabs in NC and other areas in the southeastern
USA, and these interactions are considered detrimental for turtles (i.e.,
due to injuries and mortalities) as well as for fishermen (i.e., loss of
catch and damage to gear) (Avissar, 2006; STAC, 2006). Thus, we
recommend further research, including applications of stable isotope
analyses, to adequately characterize and respond to the nature and the
degree of interactions — both bycatch and competition — between
marine turtles and fishing gear. This approach would be relevant to
conservation strategies for loggerhead populations, as well as to
management of commercially important local fisheries.
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