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ABSTRACT: Food web relationships in marine systems have traditionally been defined through
stomach content analysis, but biochemical techniques have recently emerged to validate and
broaden temporal diet patterns. Stable isotope analysis has become a practical tool for evaluating
these relationships in aquatic systems; however, routine sampling of muscle tissue captures only part
of the trophic information available from each animal. We compared 8'°N and §'3C values among
liver, muscle and cartilage in the blue shark Prionace glauca, shortfin mako Isurus oxyrinchus, and
common thresher Alopias vulpinus from the northwest Atlantic to show how multiple-tissue sampling
captured feeding relationships which would have been invisible to muscle tissue alone. Specifically,
we demonstrated evidence of a cephalopod to bluefish Pomatomus saltatrix diet switch in the short-
fin mako in spring, and found that the blue shark and common thresher have consistent diets
throughout the year. We concluded that consistency observed among stable isotope values in multi-
ple tissues implied that the fish were in steady-state with the isotope ratios of their diet and that
multiple tissues should be used in trophic assessments of large pelagic fishes. Further experiments to
quantify the turnover of stable isotopes in different tissues and species are needed to improve the

accuracy of stable-isotope analyses .
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INTRODUCTION

Profound declines in large pelagic fish populations
(sharks, tunas, and billfishes) have recently become
apparent (Jackson et al. 2001, Baum et al. 2003, Myers
& Worm 2003, Baum & Myers 2004) and ecosystem
studies have demonstrated generally that the removal
of these fishes from tropical and temperate commun-
ities affects the abundance of other fishes, both nega-
tively and positively, across many trophic levels
(Stevens et al. 2000, Cox et al. 2002, Essington et al.
2002, Kitchell et al. 2002). These analyses have how-
ever, been susceptible to a lack of diet composition
data (Cox et al. 2002), and surprisingly little dietary
data are available for sharks (Cortés 1999). Two sam-
pling methods, stomach content analysis and stable
isotope analysis, can estimate trophic position in
marine ecosystems. Although it has provided consider-
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able information about the trophic ecology of many
animals, stomach content analysis has been criticized
for the ‘snapshot’ nature of sampling (Pinnegar & Pol-
unin 1999, Pinnegar et al. 2001), the prevalence of
unrecognized dietary items (Pinnegar et al. 2001), bias
from regurgitation during capture (Renones et al.
2002), and the difficulty of obtaining sufficient sam-
pling frequency to draw significant conclusions (Van-
der Zanden et al. 1997). Biochemical techniques have
the potential to complement stomach content analysis
and alieviate these biases when present.

Stable nitrogen isotope analysis uses the relative
abundances of *N and N in animal tissues to esti-
mate trophic position in systems where the concentra-
tion of N tends to become enriched in consumers over
their diet (Minagawa & Wada 1984). Nitrogen isotope
concentrations are conventionally expressed as 8°N,
i.e. 10 times the percent ratio of *N to N, relative to a
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standard (units: %o; Schoeller 1999). In principle, if
there is a consistent degree of enrichment (fractiona-
tion) at each trophic step in a community, the 8'°N of
each animal becomes an index for trophic position rel-
ative to the 8'°N of the known trophic position of a pri-
mary consumer (Minagawa & Wada 1984, Vander Zan-
den et al. 1997). Often §'°N values are presented with
813C ratios (13C:'2C), which, because they are generally
conserved at each trophic step in an ecosystem, are
useful indicators of dietary carbon source. If 2 or more
species have distinct §'°C values, this can suggest
multiple sources of dietary carbon within an ecosys-
tem.

Cortés (1999) summarized shark stomach content
data to estimate the trophic positions of 149 species,
concluding that, while stomach content analysis
affirmed a generally high trophic position for sharks,
stable isotope analysis should be developed to validate
dietary results. Fisk et al. (2002) were among the first
to estimate a shark's trophic position using stable nitro-
gen isotopes, finding that §'°N alone was not an appro-
priate surrogate for trophic position in the Greenland
shark Somniosus microcephalus. Most recently, Estra-
da et al. (2003) concluded that §!°N data agreed with
stomach content data from Cortés (1999) and was an
appropriate means to estimate the trophic position of
the blue shark Prionace glauca, shortfin mako Isurus
oxyrinchus, and common thresher Alopias vulpinus
sampled from the shelf waters off Martha's Vineyard,
MA, USA. However, Fisk et al. (2002) and Estrada et al.
(2003) sampled only muscle tissue, and stable isotope
analysis of multiple tissue could provide more precise
dietary information than muscle sampling alone.

The stable isotope ratios of fish tissues reflect the
combined effects of metabolism (the turnover of exist-
ing tissue), growth (the addition of new tissue), isotopic
routing (incomplete mixing of diet components en
route to individual tissues), tissue protein composition
(the association of specific stable isotope ratios with
specific amino acids), and diet. Tissues with high meta-
bolic rates (e.g. liver) more rapidly reflect changes in
dietary 8'°N than less metabolically active tissues (e.g.
muscle, cartilage) and as a result will reflect a shorter
and more recent period of dietary feeding (Tieszen et
al. 1983, MacNeil et al. 2005). Diet supplies the major-
ity of isotopes to the body (a small amount of internal
recycling may occur) and is, therefore, the primary
determinant of 8'°N and §'3C values. The majority of
field studies using stable isotope analysis have been
concerned with assessing dietary shifts and assigning
trophic position. Studies on fish have primarily sam-
pled isotope ratios in muscle tissue and proceeded
under the simple assumption that differences in §°N
values among species solely reflect their individual
diets. This model has proved useful in many systems

(Vander Zanden et al. 1997, Hobson et al. 2002) but, as
Tieszen et al. (1983) and Hobson & Clark (1992) have
suggested for 8'°C, differences in metabolic turnover
rates can also be exploited. If the effects of metabolism
can be estimated, §'°N differences among tissues could
(1) validate existing estimates of diet, (2) track dietary
changes, and (3) reveal additional feeding interactions
not observable using previous methods.

Here we related differences in the §'°N signatures
among liver, muscle, and cartilage tissues from blue
sharks, shortfin makos, and common threshers to
known seasonal shifts in diet. Moreover, we show how
multiple-tissue sampling for stable isotopes can sup-
port stomach content results, as well as help to identify
fishes likely to be at steady-state with their diet. We
assumed, based on laboratory studies of elasmobranch
tissues (MacNeil et al. 2005), that differences in meta-
bolic rates among tissues drive stable isotope ratios in
wild sharks, and we hypothesized that multiple-tissue
sampling would reveal unique 8°N signatures among
tissues that reflect seasonal changes in shark diets. We
chose to sample the same system as Estrada et al.
(2003) to look for annual variation between muscle
85N values in the important commercial and recre-
ational fishing area of the George's Bank and Southern
New England ecosystems.

MATERIALS AND METHODS

Site and field sampling. Off the northeast coast of
the USA, Martha's Vineyard Island is located 5 km
south of Cape Cod, MA. Continental shelf waters
south of Martha's Vineyard support extensive recre-
ational fisheries for sharks, tunas, and billfishes from
June to October each year. In July 2002, we collected
tissue samples from sharks caught by recreational fish-
ermen on shelf areas approximately 50 to 160 km south
of Martha's Vineyard (Fig. 1) that are known for sea-
sonal aggregations of large pelagic species (Charles
2001). Fish fork length (FL), weight, sex, and maturity
were recorded. Fish tissue samples were collected by
excising approximately 5 g of dorsal muscle (along the
spine, above the 5th gill slit), liver (anterior portion of
either lobe), and cartilage (vertebral sample, directly
above the 5th gill slit and subsampled from centrum to
vertebral edge). Tissues samples were packed in ice
and frozen within 1 h of sampling. Dietary habits for
each species were analyzed from Stillwell & Kohler
(1982), Cortés (1999), Henderson et al. (2001), Preti et
al. (2001) and NMFS (2002), and stable isotope esti-
mates of prey were supplied by J. Estrada (unpubl.).

Stable isotope analysis. In the laboratory, liver and
muscle tissues were freeze-dried, finely ground with a
bench grinder, and lipids were removed by twice agi-
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Fig. 1. The George's Bank and Southern New England
Ecosystem. Rectangle denotes recreational fishing area
where fish used in this study were captured (July 2002)

tating the tissue in a 1:2 chloroform:methanol solution
for 24 h (Hobson & Welch 1992). Tissue samples were
then oven dried at 60°C for 48 h to remove remaining
solvent and divided into approximately 1 pg subsam-
ples for stable isotope analysis. Sample N/"“N and
13C/12C ratios were determined in a Thermo Finnigan
DeltaPlus mass-spectrometer (Thermo Finnigan) at the
Institute of Ecology, University of Georgia. The preci-
sion of the isotopic analyses was 0.15, based on inter-
nal reference samples.

Ratios of heavy to light isotopes were expressed in 6
notation using the equation:

8X = [(ﬂ)q]xmo (1)
Rsta.nda.rd
where X is the heavy isotope, Rsyple is the ratio of
heavy to light isotope in the sample, and Rgangarq is the
ratio of heavy to light isotope in the reference standard.
The standard reference material for carbon was Pee
Dee Belemnite and for nitrogen was atmospheric Nj.
Statistical analysis. We assessed °N and !3C differ-
ences among tissues and species by comparing plotted
means of 8°N and §'°C values and non-parametric
bootstrap estimates of dispersion measures using the
R implementation of the S programming language
(Free Software Foundation). Bootstrap distributions
(F ) of each tissue—species combination were created
by randomly sampling 1000 values, with replacement,
from our data; from these distributions, we calculated
standard deviations and 95 % confidence intervals.

Assuming normal variances for 8N and 8N re-
sults, these plots avoided false null hypothesis testing
(we assumed a priori that there would be differences
among tissues) and are a reasonable basis from which
to assess biological differences between isotope ratios,
particularly in a sampling study (Johnson 1999). For
detailed explanations of the problems associated with
using hypothesis testing in uncontrolled sampling
studies see Johnson (1999) and Anderson et al. (2000).

RESULTS

Sampled sharks had a FL of between 178 and
281 cm. We found no size or sex meditated §'°N or §'*C
differences within species for each tissue type. Intra-
species tissue 8°N differences were present among
several tissues—shortfin mako liver was enriched in
8N over muscle and cartilage; common thresher liver
was enriched above cartilage but consistent with mus-
cle—but there were no such differences in 8N
among tissues for blue sharks (Fig. 2). Shortfin mako
liver 8'°N was, on average, 2.85%. greater than blue
shark liver, while common thresher liver §'°N was
between the other liver values (Table 1). Thresher
shark muscle §'°N was higher (1.63 to 2.02%o) than that
of muscle in blue sharks and shortfin makos. Common
thresher cartilage 8'°N was moderately higher than
that of the other 2 species and common thresher tissues
were, on average, consistently higher in 8'°N than blue
shark tissues. Cartilage 8'°N values were lowest
among tissues in all 3 species.
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Fig. 2. Isurus oxyrinchus, Prionace glauca and Alopias vulpi-
nus. Mean 8N differences between elasmobranch cartilage
and liver tissues relative to muscle tissue. Baseline values (0)
set to equal muscle 8'°N means. Standard deviation (error
bars) and 95 % confidence intervals (@) were calculated using
non-parametric bootstrap estimates; (0) are muscle bootstrap
95 % confidence intervals. Shortfin mako (mako), blue shark
(blue) and common thresher (thresher) tissues were sampled
from near Cape Cod, MA, July 2002
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Table 1. Isurus oxyrinchus, Prionace glauca and Alopias vulpinus. Mean (+SD)

DISCUSSION

multiple-tissue values of §'°N and §!3C from non-parametric bootstrap estimates

for sharks sampled from the George's Bank and Southern New England eco-

systems in July, 2002. FL = fork length (cm)

Tieszen et al. (1983) were the first

investigators to discuss the potential

) ) . of exploiting metabolic differences

Tissue I. oxyrinchus P. glauca A. vulpinus . . . .
(N = 5) (N = 14) (N = 5) among tissues to explain differences in
stable isotope values, suggesting that
Fork length (range) 203 (178-232) 259 (220-281) 208 (185-339) 313C differences among tissues of the
Nitrogen gerbil Meriones unguienlatus were re-
Liver 15.36 + 0.45 12,51+ 0.35 13.93 + 0.61 lated to metabolic rate; the same was

Muscle 12.93 + 0.64 12.48 + 0.31 14.50 £ 0.11 .
Cartilage 11.79 = 0.33 11.67 = 0.29 12.76 = 0.18 subsequently observed in laboratory
Carbon experiments on birds by Hobson &
Liver ~20.00 + 0.72 ~19.25 + 0.38 ~19.74 £ 0.42 Clark (1992). MacNeil et al. (2005)
Muscle -16.2 £ 0.17 -17.37 £ 0.19 -17.06 + 0.08 found that inter-tissue differences in
Cartilage -13.71 £ 0.15 -14.93 £ 0.35 -14.40 = 0.17 stable isotope levels in captive
stingrays were related to the metabolic
6 - turnover rates of each tissue, demon-
strating that liver §"°N turned over twice as fast as in
muscle and that cartilage turnover was slowest among
4 tissues. Thus, stable isotopes of each metabolically dis-
e o B Mako tinct tissue represents a different period of feeding that
5] I - o Blue decreases with increasing metabolic turnover. These
© 0 Thresher results suggest that differences in stable isotope values
S . o 5 among shark tissues from southern New England wa-
900 0+ o ° 8 = 8 ters reflect a recent diet shift in shortfin makos and a
. consistent diet for blue sharks and common threshers.
o Bl o Differences in stable isotope values among tissues have
—l— I not, to our knowledge, been reported in sharks under
p natural conditions. We were not surprised that cartilage
-4 3N was lowest among tissues. Given that growth
. bands accrue slowly each year (Cailliet et al. 1986),
6 Cartilage Liver changes in cartilage 8'°N would be expected to occur at
. a similar rate. These growth bands decrease in size as
Tissue

Fig. 3. Isurus oxyrinchus, Prionace glauca and Alopias vulpi-
nus. Mean 8"C differences between elasmobranch cartilage
and liver tissues relative to muscle tissue. Baseline values (0)
set to equal muscle §'°C means. Standard deviation (error
bars) and 95 % confidence intervals (@) were calculated using
non-parametric bootstrap estimates; (0) are muscle bootstrap
95 % confidence intervals. Shortfin mako (mako), blue shark
(blue) and common thresher (thresher) tissues were sampled
from near Cape Cod, MA, July 2002

Each tissue had a distinct §'*C range that was inde-
pendent of species (Table 1, Fig. 3) The closely match-
ing 95 % confidence intervals revealed that there were
no apparent differences in the 8'*C signature of each
tissue among species. This pattern was exemplified by
the common thresher §*C values which were —-19.74
for liver, —17.06 for muscle, and —14.4 for cartilage.

Bootstrap estimates of stable isotope variability
within shark tissues was generally low (SD range: 0.08
to 0.72) and consistent with previous estimates from
other studies on fish (Pinnegar & Polunin 1999, Estrada
et al. 2003).

sharks grow and therefore the lower cartilage values
observed in all 3 species were biased toward the accu-
mulated 8'°N from younger ages (when they are feed-
ing at a lower trophic level) than the muscle and liver
samples.

The equivalence between muscle and liver §'°N —in
blue sharks and common threshers —indicates similar-
ity between dietary 8'°N over the different feeding
periods represented by each tissue (Fig. 2). This result
implies that the fishes had been near steady-state with
their diet during the previous year where —using the
time to 95 % turnover estimates for muscle (488 d) and
liver (239 d) of MacNeil et al. (2005)—there was
agreement between tissues. The potential for inter-tis-
sue comparison of §!°N to indicate steady-state feeding
had not been suggested prior to the present study.
Most modelling of stable isotope dynamics in labora-
tory animals has assumed that the individuals are at
equilibrium with their diet (e.g. Hobson 1995), but this
may not be the case for wild marine fishes with a wide-
range of seasonal diet choices. If we assume that a
dynamic balance between tissue metabolism and diet
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composition determines the §"°N and 8'*C values of
each tissue type (Figs. 2 & 3), agreement between tis-
sues with different metabolic rates implies steady-state
conditions in the diet. Stomach content analysis would
be necessary to confirm this in each species, but the
assumption allows several ecological inferences to be
drawn from our §'°N results.

The elevated 8'°N in shortfin mako liver versus mus-
cle and cartilage directly correlates with well known
seasonal shifts in shortfin mako diet and bluefish
Pomatomus saltatrix migration. Mako sharks from
south of Martha's Vineyard are part of a northwest
Atlantic population that has distinct inshore (on shelf)
and offshore (off shelf) feeding groups (Stillwell &
Kohler 1982, Heist et al. 1996). The inshore population
feeds almost exclusively on bluefish in the summer,
despite the availability of inshore cephalopods (Still-
well & Kohler 1982). Bluefish migrate inshore each
spring for summer spawning. They remain resident
there until the late fall (Oliver et al. 1989, Salerno et al.
2001) and, because they are the highest trophic species
consumed by shortfin makos below 150 kg (Stillwell &
Kohler 1982), will increase mako 8'°N values above
those resulting from ingestion of cephalopod prey.

The makos caught for our study were from the
inshore shelf waters in July, and the elevated §'°N in
their high-metabolism livers correlated well with a
springtime diet switch from cephalopods to summer
spawning bluefish. Bluefish and squid muscle §°N
sampled from the south of Martha's Vineyard in 2001
averaged 16.3%o (J. Estrada unpubl.) and 12.7%o
(Estrada et al. 2003), respectively. Given the 90+ d
from the May diet switch to bluefish to our time of sam-
pling, and given that time to 50 % liver turnover in lab-
oratory-reared stingrays has been estimated at about
55 d (MacNeil et al. 2005), the 2.43 %o increase in liver
over muscle 8N appears to have recorded the sea-
sonal trophic shift in shortfin mako diet. These sea-
sonal shifts in distribution and diet were also noted by
Estrada et al. (2003) as the potential source of variabil-
ity in muscle 8°N. Mako sharks have a metabolism
that is among the highest known for shark species
(Carlson et al. 2004) and their liver §'°N values should
more rapidly reflect any change in diet 8'°N. The lower
8N values of muscle with its slower metabolism cor-
related with the expected lower 8'°N of the previous
winter's cephalopod prey.

The consistency in 8'°N among blue shark tissues
agrees with stomach content conclusions that this spe-
cies is a generalist predator (Cortés 1999, Henderson et
al. 2001, McClelland et al. 2003), and suggests that the
fish were near 8'°N steady-state with a consistently
heterogeneous diet. Based on published stomach con-
tent studies, Cortés (1999) summarized the yearly
average blue shark diet world-wide as nearly equal

parts cephalopods (49.4%) and fishes (38.5%),
although this is not always the case.

Henderson et al. (2001) reported that blue shark
stomach contents off Ireland were dominated by
cephalopods, which are common prey species in the
area. Vas (1990) suggested from stomach content
results that blue sharks prey on the most locally abun-
dant pelagic species, and Henderson et al. (2001) sup-
ported this conclusion. NOAA fall sampling surveys for
the area south of Martha's Vineyard sampled in this
study showed that cephlaopod and fish species known
to be blue shark prey were readily available (NMFS
2002). It is likely that the blue sharks sampled fed in
the generalist mode suggested by Cortés (1999) and
our tissue-specific §'°N results.

The consistency observed between common thre-
sher liver and muscle 8'°N values (Fig. 2) also suggests
a consistent diet similar to the blue shark, and one near
steady-state. Little has been published regarding com-
mon thresher diet. Cortés (1999) found (in percent
occurrence) a predominantly cephalopod diet (71.8 %)
with some fishes (26.7 %); however, the results relied
on a single sampling study in Mexico. Preti et al. (2001)
examined common threshers in Californian waters to
find (by index of relative importance) a fish-dominated
diet regime. Bowman et al. (2000) found that 97 % of
common thresher stomachs from the northwest
Atlantic contained fishes. With such disparate results,
common thresher diet in the sampling area could
range from entirely fishes to entirely cephlaopods.
Estrada et al. (2003) noted these difficulties, but posed
that their results most closely matched the data from
Cortés (1999). Relative to the §'°N results for shortfin
makos sampled in the area, the thresher 8N results
imply a mixed diet of mid to high trophic level fish and
cephalopods. Mean thresher muscle and cartilage §!°N
values were higher than those of both blue sharks and
shortfin makos, implying (on a yearly average) a some-
what higher trophic level diet than the other species.
Stomach content analysis of common thresher diet
could, of course, validate the generalist diet suggested
by our results, but without such data we can only say
that there is no evidence of a large mean annual
trophic shift in this species.

Although there was some overlap between adjacent
groups, a distinct pattern emerged from §3C results
among tissues (Fig. 3). Liver 8'3C was lower than that
in muscle and cartilage, in a pattern similar to that
observed in rainbow trout by Pinnegar & Polunin
(1999). Results from the present study and those of Pin-
negar & Polunin (1999) show that liver tissue is
depleted in §'3C relative to muscle tissue, and that §*3C
values decrease with increasing metabolic rates of the
tissues. Pinnegar & Polunin (1999) explained much of
the initial variance among tissues in terms of the lipid
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content, where more lipids led to lower 83C values.
However, after lipid removal, the relationship between
813C and metabolic rate remained, a result for which
Pinnegar & Polunin (1999) provided no explanation.
We removed lipids from our samples.

Similar to §°N, §!3C is known to vary with amino
acids (Hare et al. 1991), and we suspect that the pat-
tern in §!3C values among tissues reflects routing of
813C-specific amino acids to each tissue. No studies of
83C variation among amino acids have been con-
ducted on fishes.

It is possible that differences in §'*C values among
tissues reflect a diet switch from cephalopod prey
(muscle values) to bluefish prey (liver values). How-
ever, food web sampling has shown the §'*C range for
potential prey in these waters to be between -21.9 and
-16.9 (J. Estrada unpubl.). That some tissues fell well
outside this range suggests a metabolic, rather than a
dietary, mechanism for our observed 88C values
among sharks (Fig. 3) and infers that comparison
among tissue 8°C values is unsuitable for tracking
temporal diet shifts in sharks.

Our §'°C values for shortfin mako muscle (mean +
SD: -16.2 + 0.17%0) were somewhat higher than local
813C values for cephalopods (-17.8 + 0.39%.; Estrada et
al. 2003) and bluefish (-17.94 + 0.36%.; J. Estrada
unpubl.), and were greater than the commonly cited
+1%o conservation of 8'*C between consumer and diet
muscle tissues (Polunin & Pinnegar 2002). §'3C has
been used previously to differentiate between inshore

(8'3C enirched) and offshore (8'3C depleted) carbon
sources (France 1995), and the enriched shortfin mako
values may reflect a diet contribution from an
unknown inshore diet source. The overlap of blue
shark and common thresher muscle §'*C results indi-
cates that these species were exploiting similar sources
of dietary carbon, and these results correlate well with
the results of Estrada et al. (2003).

Our data were likely correlated to some degree in
that 3 tissues were sampled from each fish captured.
There was no evidence however, of an individual fish
affect on the results due to the agreement between the
raw data and the independent bootstrap estimates
among tissues. To estimate trophic position from these
values would require detailed §'°N and dietary data for
the entire food web. As there have been no studies to
validate 8'°N fractionation in sharks, we could not
determine the percentage of actual fractionation that
our isotope values represented (e.g. the apparent 2.4 %o
8N differences between mako liver and muscle tis-
sue). A 3.4 %o fractionation in 8*°N is often cited as rep-
resentative of a trophic level increase between a con-
sumer and its diet. The seasonal cephalopod-bluefish
diet switch for shortfin mako (Stillwell & Kohler 1982)
and the difference between shortfin mako liver and
muscle results would suggest a half trophic level diet
shift for shortfin mako in the previous few months.
Estimating shortfin mako fractionation among tissues
would help evaluate this hypothesis. This could be
done through controlled feeding experiments of juve-

Table 2. Means (+SD) and ranges of muscle §'°N and §'*C values for animal species from George's Bank and Southern New
England. Results for Estrada et al. (2003) are from July—August 2001 and for this study are from July 2002

4SD estimates calculated using non-parametric bootstrap

Species N 3N dC
Mean + SD Range Mean + SD Range
This study*?
Prionace glauca 14 12.5+£0.31 11.6 to 16.2 -17.4+0.19 -18.7to-16.3
Isurus oxyrinchus 5 12.9 + 0.64 11.6 to 15.0 -16.2 + 0.17 -16.5t0-15.6
Alopias vulpinus 5 14.5 £ 0.11 14.1 to 14.8 -17.1 + 0.08 -17.4t0-16.9
Estrada et al. (2003)
Prionace glauca 5 13.1 +0.25 12.5to 13.7 -16.9+0.10 -17.1to-16.5
Isurus oxyrinchus 5 13.6 £0.48 12.2to 15.2 -16.6 = 0.23 -17.1to-15.9
Alopias vulpinus 4 15.2+0.14 14.8 to 15.5 -17.5+0.08 -17.7to-17.3
Cetorhinus maximus 1 10.4 -22.5
Copepod spp.” 7.1 7.0to 7.3 -21.8 -22.2to-214
Ammodytes americanus 6 10.2 £ 0.09 9.9t0 10.5 -21.0+0.24 -21.9t0-20.2
Merluccius bilinearis 5 11.1£0.14 10.8 to 11.5 -18.7 +0.14 -19.1t0o-18.4
Clupea harengus 2 11.3 10.7, 11.9 -21.1,-21.1
Squid spp. 9 12.7 £ 0.20 11.9to 13.7 -17.8 £ 0.39 -19.8 to -17.0
J. Estrada (unpubl. data)
Pomatomus saltatrix NA 16.3 + 0.26 -17.9+ 0.36

PCopepods were pooled into 2 groups of 15 to 20 and analyzed whole
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niles in the laboratory, or through detailed dietary and
stable isotope sampling in the field.

A comparison of our muscle isotope data with that of
Estrada et al. (2003) is presented in Table 2. Despite
the year between studies, the results of Estrada et al.
(2003) parallel our own in several key aspects. The rel-
ative 8'°N values among shark species fall into similar
rankings, i.e. common thresher, shortfin mako, and
blue shark in decreasing 8°N order. Such between-
year agreement implies that relative trophic positions
among shark species are consistent between adjacent
years and that these relative values may have some
degree of stability over time. An implication of the
results is that §'°N data may be useful for monitoring
relative trophic position of large-pelagic fishes over
time.

CONCLUSIONS

This study shows that stable-isotope analysis of
multiple tissues can provide greater trophic resolution
than the use of muscle tissue alone and can be used
to monitor trophic dynamics in sharks, implying that
metabolic differences among tissues can be exploited
to more precisely characterize the trophic dynamics of
fishes. Specifically, this study showed that relative iso-
tope compositions of shark tissues can elucidate the
known seasonal feeding dynamics of inshore shortfin
makos and their bluefish prey and support the sus-
pected trophic roles of blue sharks and common
threshers as year-round generalist predators in the
northwest Atlantic. Poor agreement between stable
isotope analysis and stomach content analysis has sug-
gested previously that careful temporal sampling using
both techniques is required to observe the true vari-
ability of fish diets (Harvey et al. 2002). While good
stomach content data will continue to be necessary,
multiple-tissue sampling can exploit differences in tis-
sue metabolism to discern trophic dynamics with a
minimum of sampling effort (Kurle & Worthy 2002).
This is particularly important for sampling of large
pelagic fishes that are logistically intensive to sample
and about which little dietary information is known.
Relative isotope composition data also has the poten-
tial to reduce the amount of sampling required to mon-
itor trophic—dynamic changes in fish, once a baseline
diet pattern has been established through traditional
stomach sampling. Used together, these data sources
can help to improve understanding of the trophic
implications of predator removals from marine eco-
systems.

Despite the reported agreement between Cortés
(1999) and Estrada et al. (2003), we believe a much
wider sampling regime is required to evaluate the

appropriateness of stable isotope analysis for estima-
tion of trophic position in sharks. These fishes are
physiologically unique, and little is known about how
stable isotopes pass through their digestive system and
are incorporated into tissues. Sampling from a wide
range of species for stable isotopes will ultimately
determine the usefulness of the stable isotope method
in pelagic environments. We strongly encourage the
use of multiple-tissue sampling in stable isotope analy-
ses (1) to capture trophic shifts, (2) to estimate steady-
state conditions, and (3) to increase the quantity of
trophic information available from each sampled fish.
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