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Abstract Atlantic bluefin tuna (Thunnus thynnus) are

highly migratory predators whose abundance, distribution,

and somatic condition have changed over the past decades.

Prey community composition and abundance have also

varied in several foraging grounds. To better understand

underlying food webs and regional energy sources, we

performed stomach content and stable isotope analyses on

mainly juvenile (60–150 cm curved fork length) bluefin

tuna captured in foraging grounds in the western (Mid-

Atlantic Bight) and eastern (Bay of Biscay) Atlantic Ocean.

In the Mid-Atlantic Bight, bluefin tuna diet was mainly

sand lance (Ammodytes spp., 29% prey weight), consistent

with historic findings. In the Bay of Biscay, krill (Mega-

nyctiphanes norvegica) and anchovy (Engraulis encrasic-

olus) made up 39% prey weight, with relative consumption

of each reflecting annual changes in prey abundance.

Consumption of anchovies apparently declined after the

local collapse of this prey resource. In both regions, stable

isotope analysis results showed that juvenile bluefin tuna

fed at a lower trophic position than indicated by stomach

content analysis. In the Mid-Atlantic Bight, stable isotope

analyses suggested that [30% of the diet was prey from

lower trophic levels that composed \10% of the prey

weights based upon traditional stomach content analyses.

Trophic position was similar to juvenile fish sampled in the

NW Atlantic but lower than juveniles sampled in the

Mediterranean Sea in previous studies. Our findings indi-

cate that juvenile bluefin tuna targeted a relatively small

range of prey species and regional foraging patterns

remained consistent over time in the Mid-Atlantic Bight

but changed in relation to local prey availability in the Bay

of Biscay.

Introduction

Atlantic bluefin tuna (ABFT; Thunnus thynnus) are top

pelagic predators in coastal and open ocean food webs

(Matthews et al. 1977; Chase 2002). Since 1980, distinct

changes have occurred in the relative abundance, distri-

bution, fisheries, and somatic condition of ABFT (Mather

et al. 1995; Fromentin and Powers 2005; Golet et al. 2007).

Recent stock assessments estimate ABFT spawning stock

Communicated by M. A. Peck.

Electronic supplementary material The online version of this
article (doi:10.1007/s00227-010-1543-0) contains supplementary
material, which is available to authorized users.

J. M. Logan � W. Golet � M. Lutcavage

Large Pelagics Research Center,

Department of Biological Sciences,

University of New Hampshire, Durham, NH 03824, USA

J. M. Logan (&)

Massachusetts Division of Marine Fisheries,

1213 Purchase Street, New Bedford, MA 02740, USA

e-mail: john.logan@state.ma.us

E. Rodrı́guez-Marı́n � S. Barreiro
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biomass to be \40% of historical levels (ICCAT 2009).

The abundance and distribution of bluefin tuna prey have

also changed in key areas of their foraging habitats,

including the Mid-Atlantic Bight (MAB) and Bay of Bis-

cay (BYB) (Nelson and Ross 1991; Ibaibarriaga et al.

2008). Any reductions in the abundance of top predators

have the potential to alter food web dynamics and trophic

structure in marine systems (Paine 1966; Hinke et al.

2004), while changes in the prey community can also affect

marine top predators (Rosen and Trites 2000).

Coastal waters of the BYB and MAB are productive

foraging grounds for young and adolescent ABFT (Ortiz de

Zárate and Cort 1986; Eggleston and Bochenek 1990).

Commercial (BYB) and recreational fisheries (MAB) target

regional ABFT aggregations that arrive from late May to

early June and remain through autumn (Mather et al. 1995;

Rodrı́guez-Marı́n et al. 2003). In addition to dispersing

along a north–south gradient in their coastal foraging

grounds, young, most likely immature (i.e., 1–3 years)

ABFT also undertake trans-Atlantic migrations, presum-

ably to feed (Mather et al. 1995). Consequently, individual

fish may forage in widely separated regions during their

first years of life, although inter-annual mixing rates may

be highly variable (Rooker et al. 2007).

Previous studies of juvenile ABFT diet have used either

stomach content analysis (SCA) (Ortiz de Zárate and Cort

1986; Eggleston and Bochenek 1990; Chase 2002; Sinopoli

et al. 2004) or stable isotope analysis (SIA) (Estrada et al.

2005; Sara and Sara 2007). Traditional SCA techniques can

provide detailed information on diet composition, prey size

distribution, and consumption rate estimates over a short

timescale (Chipps and Garvey 2007). SIA data track diet

over longer timescales, depending on compound or tissue

turnover rates (Gannes et al. 1998). Nitrogen isotope values

(d15N) indicate trophic position, while carbon isotopes

(d13C) reflect sources of primary production (Peterson and

Fry 1987). Comparison of isotope values from multiple

tissues with different turnover rates can provide informa-

tion about arrival times to sampling areas (Fry et al. 2003).

In fish tissue, ratios of total carbon to nitrogen (C:N) are

linearly related to lipid content (Post et al. 2007) and can be

used to track changes in body condition (Estrada et al.

2005).

We used a combined SCA and SIA approach to assess

dietary preferences of mainly juvenile ABFT

(*60–150 cm curved fork length, CFL) on foraging

grounds in the western (MAB) and eastern (BYB) Atlantic

Ocean. Our study examines current foraging patterns and

compares them with earlier works to more thoroughly

identify diet preferences, to assess possible trophic chan-

ges, and to establish current information on ABFT trophic

relationships for use in ecosystem studies.

Methods

Study sites

ABFT were sampled from the Mid-Atlantic Bight

(*36�300N–37�300N, 74�300W–75�300W) and Bay of

Biscay (*43�400N –45�300N, 2�000W–3�500W). MAB

foraging grounds are located *30–60 km off the eastern

shore of Virginia, USA and are characterized by sandy

substrate and water depths of 30–40 m (Bochenek 1989).

The BYB is an open oceanic bay partly enclosed by shelf

regions along the western coast of France and the northern

coast of Spain. Samples were collected from the south-

eastern region off the coast of Spain, where the continental

shelf is very narrow. Most ABFT from this region were

sampled off the edge of the shelf (Rodrı́guez-Marı́n et al.

2003).

Sample collection and preservation

Biological samples were obtained from surface troll fish-

eries in the MAB and BYB, as well as baitboat, pelagic

trawl, and recreational fisheries in the latter (Table 1). The

baitboat fishery was the primary source of samples in the

BYB (*80%). Stomachs were removed from ABFT at sea

during the scientific surveys, but most BYB samples

(2001–2004) were collected from commercial landings in

which ABFT were stored on ice for 1–2 days. Whole

stomachs, dorsal white muscle, and liver samples were

removed from each fish at sea or at dockside cleaning

stations, placed on ice, then stored frozen until analysis at

-23�C (MAB) or -28�C (BYB). The majority of BYB

stomach samples were analyzed fresh (without freezing).

Curved fork length (CFL), measured in a line along the

contour of the body from the tip of the upper jaw to the

fork of the caudal fin, was determined (±cm) for each fish.

Prey samples for SIA were collected from scientific

trawl surveys (BYB, fall 2006) and stomach contents of

ABFT and other large pelagic fishes (MAB, summer 2005,

2006). Cephalopod, teleost, and swimming crab (Polybius

henslowii) prey samples consisted of muscle sub-samples,

while for all other crustacean prey, whole organisms were

analyzed. All prey samples were stored frozen prior to

analysis.

Samples of ABFT were grouped by size (age) or sam-

pling season. Size classes corresponded to 57–120 cm CFL

(age 1–3) and 121–151 cm CFL (age 4–5). Age was esti-

mated by direct reading on the first ray of the first dorsal fin

or by applying age–length curves (Rodrı́guez-Marı́n et al.

2007). Most samples (*98%) from the BYB were from the

younger age class, while similar proportions of the two age

classes were sampled from the MAB (Table 1).
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Stomach content analysis (SCA)

Whole stomachs were thawed, weighed (±0.05 g), and

contents were washed over a 1,000 micron sieve. Contents

were identified to the lowest possible taxonomic group.

Whole prey were weighed (±0.1 g) and measured (±mm).

The size and color of the gall bladder and texture of the

stomach lining were visually inspected for samples col-

lected from the baitboat fishery to estimate whether stom-

ach contents had been consumed during fishing operations

(Talbot and Higgins 1982). For the BYB, the main bait

species are horse mackerel (Trachurus trachurus), bogue

(Boops boops), sardines (Sardina pilchardus), and ancho-

vies (Engraulis encrasicolus) (Rodrı́guez-Marı́n et al.

2003). More than 40% of the stomachs collected from this

fishery contained only prey identified as bait. Prey identi-

fied as bait were eliminated from analyses. Empty stom-

achs were also excluded, since ABFT may evacuate their

guts during capture (Chase 2002).

Stable isotope analysis (SIA)

Prey items and ABFT liver and white muscle samples were

thawed, lightly rinsed with deionized water, and dried in

glass scintillation vials at 60�C for at least 48 h. Samples

were then homogenized using a Mixer/Mill� (SPEX

SamplePrep, LLC Metuchen, NJ, U.S.A) with stainless

steel vials. Aliquots of homogenized sample (0.6–1.2 mg)

were packed into 4 9 6 mm tin cups and analyzed for

d13C, d15N, % carbon, and % nitrogen using a Costech

ECS4010 elemental analyzer (Costech Analytical Tech-

nologies, Inc, Valencia, CA USA) coupled with a DEL-

TAplus XP isotope ratio mass spectrometer (Thermo

Scientific, Bremen, Germany) at the Colorado Plateau

Stable Isotope Laboratory of Northern Arizona University

(NAU) and the University of New Hampshire Stable Iso-

tope Laboratory (UNH). All C:N values are reported as

uncorrected percent weight calculations %C
%N

� �
.

All sample d13C values were corrected for lipid content

either a priori through chemical extractions or a posteriori

using mathematical approaches (see Logan et al. (2008) for

details). Carbonates were not removed from crustacean

prey samples and therefore may have induced a positive

bias on d13C values (Craig 1953). See supplementary

material for a more detailed description of isotope sample

preparation (S1).

All carbon and nitrogen isotope data are reported in d
notation according to the following equation:

dX ¼ Rsample

Rstandard

� �
� 1

� �
� 1000

where X is 13C or 15N and R is the ratio 13C/12C or 15N/14N

(Peterson and Fry 1987). Standard materials are Vienna

Pee Dee belemnite (VPDB) for carbon and atmospheric N2

(AIR) for nitrogen. Standard deviations of replicate sam-

ples analyzed at both labs were \0.2% for both d13C and

d15N (n = 45), and within-lab precision was *0.2% for

d13C and d15N. All d13C and d15N values were normalized

on the VPDB and AIR scales with IAEA CH6 (-10.4%),

CH7 (-31.8%), N1 (0.4%) and N2 (20.3%).

Table 1 Sample collection

summary for Atlantic bluefin

tuna (Thunnus thynnus; ABFT)

collected from the Bay of

Biscay (BYB) and Mid-Atlantic

Bight (MAB)

For stomach samples,

information reflects only

stomachs that contained natural

prey. Isotope samples consist of

liver and white muscle

Group Sampling method n

Isotope samples Stomach samples

Mid-Atlantic Bight (MAB)

Age 1–3 2004 Troll 17 0

Age 1–3 2005 Troll 12 10

Age 1–3 2006 Troll 11 10

Age 4–5 2004 Troll 4 0

Age 4–5 2006 Troll 28 22

Bay of Biscay (BYB)

Age 2 Summer 2001 Baitboat 24 21

Age 1–2 Summer 2003 Baitboat, Troll 7 15

Age 2–4 Summer 2004 Baitboat 15 18

Age 1–3 Summer 2005 Baitboat, Rod & reel 0 46

Age 1–4 Summer 2006 Baitboat, Troll, Mid-water trawl 0 12

Age 1–2 Fall 2000 Baitboat 28 29

Age 1–3 Fall 2002 Baitboat 30 13

Age 1–2 Fall 2004 Baitboat 15 16

Age 2 Fall 2006 Rod and reel 0 1
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Statistical analysis

Adequacy of stomach content sample sizes was assessed by

generating cumulative prey curves (Ferry and Caillet

1996), which show the cumulative number of unique prey

items versus number of stomachs sampled. Bootstrapping

techniques were used to generate 500 random samples for

each sample size. To assess whether a sufficient number of

samples had been analyzed to capture prey diversity, the

slope of the final four endpoints for each prey curve was

compared to a slope of zero using a Student’s t-test (Biz-

zarro et al. 2007) and Holm-adjusted P-values (Holm

1979).

Relationships between ABFT and prey size were

explored using quantile regression with standard errors

estimated using the xy-pair bootstrap. A total of 1,042 prey

items were measured, and regressions were performed for

the median (50th percentile) as well as 5th and 95th per-

centiles to test for patterns in minimum and maximum prey

size in relation to ABFT length (CFL).

Mean proportion by weight (MWi) and mean proportion

by number (MNi) were calculated for each prey group for

each stomach sample to generate mean and standard

deviations for each prey category. Frequency of occurrence

(Oi) was also calculated for each prey group as Ji

p; where Ji

is the total number of stomachs containing prey i and P is

the total number of stomachs containing natural prey

(Chipps and Garvey 2007). Mean percent weight contri-

butions were compared using a Kruskal–Wallis test for

crustaceans, cephalopods, and teleost fishes. Nemenyi-

Damico-Wolfe-Dunn tests were performed as post hoc

analyses when significant differences (P \ 0.05) were

detected.

Comparisons of d13C, d15N, and C:N were made among

seasons, sampling years, and ABFT age classes for liver

and white muscle. Homogeneity of variance among groups

was first tested using Levene’s test. For cases where Le-

vene’s test results were non-significant, analysis of vari-

ance (ANOVA) and subsequent pairwise t-tests were

performed with a = 0.05 following a Holm test adjustment

for multiple comparisons. When significant differences

were detected using Levene’s test, a one-way analysis of

means and subsequent pairwise comparisons using t-tests

with non-pooled standard deviations were performed.

Relationships between ABFT length and tissue C:N were

further explored using quantile regression for the MAB

dataset. Regressions were performed for the median (50th

percentile) as well as 5th and 95th percentiles to test for

patterns in minimum and maximum C:N in relation to

ABFT length.

Dietary contribution of different prey types was quan-

tified using the package Stable Isotope Analysis in R

(SIAR) (Parnell et al. 2010). Liver isotope data were used

for mixing model analyses to reflect diet from local for-

aging grounds. Isotope discrimination was assumed to be

1.4% (d13C) and 1.3% (d15N) based on estimates for other

fish species (Sweeting et al. 2007a, b). See supplementary

material for a more detailed description of SIAR parame-

ters (S2). All statistical analyses were performed using the

program R (R Development Core Team 2008). Values are

reported as mean ± standard deviation (SD) unless other-

wise noted.

Results

Stomach contents and prey selection

In cumulative prey curves, the slope of the final four

endpoints was significantly different from zero (P \ 0.05)

for all Mid-Atlantic Bight and fall 2002 Bay of Biscay prey

curves, but was not following Holm adjustments for the

remaining datasets (Fig. 1). Results indicate that sample

size was too small to adequately reflect prey diversity for

MAB but not for BYB datasets.

Prey length was not significantly correlated with ABFT

length for all prey species combined with P-values of

0.073, 0.765, and 0.086 for the 95th, 50th, and 5th per-

centiles, respectively. The largest species were horse

mackerel, sardines, and flying squid (Todarodes sagittatus)

(Fig. 2). Larger (i.e., [100 cm CFL) ABFT fed on myc-

tophids, round herring (Etrumeus teres), and swimming

crabs. All sizes of ABFT consumed sand lance (Ammodytes

spp.) in the MAB. In the BYB, ABFT fed mainly on age-0

European anchovy and blue whiting (Micromesistius pou-

tassou) as well as age-1 horse mackerel (Fig. 2).

Bay of Biscay

Stomach contents In this eastern Atlantic shelf region,

dietary weight percentages differed among all three prey

groups (fishes, cephalopods, and crustaceans)

(P \ 0.0001). For the summer dataset, prey group rankings

were fishes [ crustaceans [ cephalopods with significant

differences among all three groups. In the fall, no cepha-

lopods were present and significantly higher proportions of

fishes were observed relative to crustaceans (Table 2).

The four main prey species were horse mackerel, blue

whiting, anchovy, and krill (Meganyctiphanes norvegica)

(Table 2). Prey weight percentages varied among years,

with high proportions of horse mackerel in fall 2000 and

summer 2001, blue whiting in summer 2003, anchovy in

fall 2000 and summer 2005, and krill in summer 2004

(Fig. 3).
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Stable isotopes Mixing model estimates of dietary con-

tributions were highest for krill prey across both seasons,

with anchovies, Atlantic mackerel (Scomber scombrus),

and swimming crabs of secondary importance. Blue whit-

ing, myctophids, horse mackerel, sardines, and omma-

strephid squids made up\10% of mean dietary proportions

(Fig. 4). ABFT liver isotope values were intermediate

among prey sources (Fig. 5). ABFT liver d15N values were

significantly lower for summer 2004 than all other seasons

and years. In 2004, liver C:N, d13C, and d15N and white

muscle d15N all significantly increased from summer

through fall (Table 3).

Mid-Atlantic Bight

Stomach contents Teleosts were the dominant prey group

in all three dietary indices, and sand lance were the main

taxa for both bluefin size/age classes (Table 4). Teleosts

had significantly greater dietary biomass than crustacean or

cephalopod prey (P \ 0.0001), while no significant dif-

ferences were detected between crustacean and cephalopod

prey (Table 4).

Stable isotopes Mixing model estimates of dietary con-

tributions were highest for sand lance and crustaceans

(20–40%), intermediate for butterfish (Peprilus triacan-

thus), round herring, and sea horses (Hippocampus erectus)

(10–20%), and low for white hake (Urophycis tenuis) and

squids (\5%) (Fig. 4). ABFT liver isotope values were

intermediate among prey sources (Fig. 5). Liver values

varied in C:N and d13C, but not d15N (Table 3). Minimum

and median liver C:N values increased significantly

(P \ 0.05), but significant differences were not detected

among age classes or years (Table 3).

Muscle values varied in C:N, d13C, and d15N (Table 3).

All muscle C:N value metrics (95th, 50th, and 5th per-

centiles) significantly increased with ABFT length

(P \ 0.05). C:N values differed between age 1–3 fish in

2005 and age 4–5 fish in 2006, but not among any other age

classes, years, or seasons. In 2004, age 1–3 fish had muscle

d15N values that differed significantly from all other years

and age classes, while for muscle–liver separation, signif-

icantly lower values of d15N were measured for age 1–3

ABFT (0.5 ± 0.6%) than all other age classes and years

(1.0 ± 0.3% to 1.5 ± 0.4%) (Table 3).

Discussion

Juvenile ABFT in eastern and western North Atlantic for-

aging grounds mainly consumed zooplanktivorous fishes

and crustacean prey, with no major differences in trophic

levels between locations. Our results indicate that juvenile

ABFT primarily target prey at lower trophic levels

Fig. 1 Cumulative prey curves for Bay of Biscay (BYB) stomach

samples based on (a) the entire dataset (b) all summer samples and

(c) all fall samples and Mid-Atlantic Bight (MAB) stomach samples

based on (d) the entire dataset (e) age 1–3 fish and (f) age 4–5 fish. P-

values \ 0.05 correspond to significant differences between the final

four data points and a slope of zero and indicate insufficient sample

sizes for complete characterization of prey diversity

Mar Biol (2011) 158:73–85 77
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compared to adults that mainly feed on adult schooling

fishes (Rooker et al. 2007). Stomach contents showed

higher teleost prey proportions than results from isotope

analyses, but both techniques indicated that cephalopods

are minor prey components of juvenile ABFT diet. In

comparison, cephalopods made up similarly low propor-

tions (1.9% weight) of stomach content biomass of adult

ABFT sampled in the Gulf of Maine (Chase 2002). Isotope

data also reflected slightly lower trophic positions than

stomach contents. ABFT from the Mid-Atlantic Bight fed

at a slightly higher trophic position than individuals sam-

pled in the BYB, because they consumed fewer

crustaceans. Prey size generally did not change across

ABFT size classes sampled in this study, as noted previ-

ously (Chase 2002). Ram feeding on dense prey aggrega-

tions like sand lance or krill could explain why a wide

range of ABFT select the same prey sizes (Chase 2002).

The importance of teleosts in ABFT diet varied between

analysis techniques, especially for horse mackerel and blue

whiting in the BYB. Horse mackerel is the most common

bait in local baitboat fisheries (Rodrı́guez-Marı́n et al.

2003) and was only observed in stomach samples collected

from this fishery, and so, discrepancies between methods

are likely due to the inclusion of bait in estimates of natural

prey. Blue whiting and horse mackerel were among the

largest prey, and higher estimates of dietary biomass for

these two species based on stomach contents could be due

to slower digestion rates for these species (Hilton et al.

1998).

The importance of crustacean prey in ABFT diet varied

between SCA and SIA results in both study areas, although

SCA of fish obtained in the MAB was based on small

sample sizes that may not adequately reflect prey diversity.

Lower crustacean proportions in stomach samples could

also be due to differential digestion rates, although sand

lance are rapidly digested (Hilton et al. 1998) but still

abundant in MAB stomach samples. Stable isotope results

showing higher proportions of crustacean prey may also

reflect other prey types (e.g., larval fishes: d15N = 8.1%,

(Logan 2009)) with similar isotopic values that were

overlooked in SCA samples from the MAB due to small

sample sizes.

A potential source of bias in our results is that BYB

isotope proportion estimates were based on small prey

sample sizes. Similar d15N values for sardines and horse

mackerel have been reported, but these values are higher

for Atlantic mackerel and anchovies (Bode et al. 2004;

Bode et al. 2007). Similar d13C (-19.2%) but lower d15N

(7.6%) values were reported for swimming crabs (Cartes

et al. 2007) relative to present values.

Due to variability in ABFT and prey isotope values,

similarity in isotope values among many prey species, and

uncertainty in diet-tissue discrimination factors, diet pro-

portion estimates should be considered with some caution.

ABFT isotope values were generally intermediate relative

to potential prey sources, which creates further uncertainty

in diet proportion estimates based on isotope mixing

models (Phillips and Gregg 2003). Despite these limita-

tions, isotope mixing models consistently showed a reli-

ance on low trophic level prey.

Bluefin diet and trophic position

ABFT diet in the MAB contained high proportions of sand

lance, consistent with previous studies (Eggleston and

Fig. 2 Box and whisker plots representing Atlantic bluefin tuna

(Thunnus thynnus; ABFT) sizes versus prey sizes showing (a) the

total range of prey sizes and (b) ABFT size classes that contained

each prey type. Prey abbreviations: Mnor = Meganyctiphanes nor-
vegica (krill), Phen = Polybius henslowii (swimming crab),

Pmul = Pasiphaea multidentata (glass shrimp), Myct = Myctophi-

dae, Eenc = Engraulis encrasicolus (European anchovy),

Eter = Etrumeus teres (round herring), Amm = Ammodytes spp.

(sand lance), Mpou = Micromesistius poutassou (blue whiting),

Tasg = Todarodes sagittatus (flying squid), Spil = Sardina pilchar-
dus (sardine), and Ttra = Trachurus trachurus (horse mackerel).

Underlined prey species were found in Mid-Atlantic Bight (MAB)

ABFT stomachs
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Bochenek 1990; Barr 1991). A number of studies have

found sand lance abundance to be inversely related on a

decadal scale to that of co-occurring herring (Clupea

harengus) and mackerel (Sherman et al. 1981; Nelson and

Ross 1991). Despite large population fluctuations in sand

lance in the MAB over recent decades (Nelson and Ross

1991), juvenile ABFT fed on sand lance during both high

(Barr 1991) and low (Eggleston and Bochenek 1990)

abundance periods. No major prey group has filled the sand

lance niche during periods of lower abundance, and

Atlantic mackerel, herring, butterfish, and longfin squid

(Loligo pealeii), which occupy similar trophic positions to

sand lance (Bowman et al. 2000), are secondary prey items

for ABFT in this and in previous studies (Eggleston and

Table 2 Mean ± SD prey composition for Atlantic bluefin tuna (Thunnus thynnus; ABFT) collected during summer and fall in the Bay of

Biscay (percent weight (%W), percent number (%N), and frequency of occurrence (%O))

Prey Summer (n = 112) Fall (n = 59)

%W %N %O %W %N %O

Phylum Arthropoda 33.9 ± 47.1 33.9 ± 46.8 37.5 18.7 ± 39.2 20.1 ± 40.1 20.3

Class Malacostraca (Crustaceans) 33.9 ± 47.1 33.9 ± 46.8 37.5 18.7 ± 39.2 20.1 ± 40.1 20.3

Unidentifiable Crustaceans 5.4 ± 22.6 5.4 ± 22.6 5.4

Order Decapoda 3.4 ± 17.7 2.7 ± 15.3 5.4 1.7 ± 13.0 1.7 ± 13.0 1.7

Unidentifiable Decapods 0.9 ± 9.5 0.9 ± 9.5 0.9

Family Portunidae

Polybius henslowii 1.8 ± 13.2 1.6 ± 12.2 1.8

Family Pasiphaeidae

Pasiphaea multidentata 0.8 ± 7.6 0.2 ± 1.2 2.7

Sub-order Natantia 1.7 ± 13.0 1.7 ± 13.0 1.7

Order Euphausiacea 25.2 ± 43.3 25.9 ± 43.5 27.7 15.3 ± 36.2 16.7 ± 37.3 16.9

Family Euphausiidae

Unidentifiable Euphausiidae 2.7 ± 16.2 2.7 ± 16.2 2.7 6.9 ± 25.3 8.2 ± 27.2 8.5

Meganyctiphanes norvegica 22.5 ± 41.6 23.2 ± 41.9 25.0 8.5 ± 28.1 8.5 ± 28.1 8.5

Order Isopoda 1.7 ± 13.0 1.7 ± 13.0 1.7

Phylum Chordata 64.5 ± 47.7 65.1 ± 47.1 67.0 81.3 ± 39.2 79.9 ± 40.1 81.4

Unidentifiable Osteichthyes 12.3 ± 32.5 12.5 ± 32.6 13.4 22.2 ± 40.9 22.3 ± 41.0 23.7

Order Perciformes 17.9 ± 38.0 15.4 ± 35.2 18.8

Family Carangidae

Trachurus trachurus 16.8 ± 37.3 14.4 ± 34.3 17.0 27.8 ± 43.1 27.5 ± 42.9 32.2

Family Scombridae

Scomber scombrus 1.1 ± 9.8 1.1 ± 9.6 1.8

Order Mytophiformes

Family Myctophidae 1.7 ± 13.0 1.5 ± 11.5 1.8

Order Gadiformes

Family Gadidae

Micromesistius poutassou 18.2 ± 37.8 21.3 ± 39.6 24.1 5.1 ± 22.2 5.1 ± 22.2 5.1

Order Clupeiformes 26.2 ± 41.1 25.1 ± 40.2 32.2

Family Clupeidae

Sardina pilchardus 4.1 ± 18.0 3.1 ± 15.0 5.1

Family Engraulidae

Engraulus encrasicolus 14.4 ± 34.7 14.4 ± 34.7 15.2 22.1 ± 39.4 22.0 ± 39.1 27.1

Phylum Mollusca 0.8 ± 8.0 0.7 ± 6.3 1.8

Class Cephalopoda 0.8 ± 8.0 0.7 ± 6.3 1.8

Order Teuthoidea

Family Ommastrephidae

Todarodes sagittatus 0.8 ± 8.0 0.7 ± 6.3 1.8

Phyophyta 0.8 ± 7.6 0.3 ± 3.2 1.8
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Fig. 3 Mean proportion by weight (MWi) for each sampling year and

season in the Bay of Biscay (BYB) for the four species with highest

overall MWi values: horse mackerel (Trachurus trachurus), blue

whiting (Micromesistius poutassou), anchovy (Engraulis encrasico-
lus), and krill (Meganyctiphanes norvegica)

Fig. 4 Stable isotope mixing model dietary proportion estimates for

Atlantic bluefin tuna (Thunnus thynnus; ABFT) from (a) the Bay of

Biscay (BYB) and (b) Mid-Atlantic Bight (MAB). For the Bay of

Biscay, estimates were generated separately using ABFT liver isotope

data from summer and fall. For the Mid-Atlantic Bight, all liver data

were pooled for a single analysis. Proportion estimates are

mean ± SD. (BYB: Mnor = Meganyctiphanes norvegica (krill;

n = 4), Eenc = Engraulis encrasicolus (European anchovy; n = 1),

Ssco = Scomber scombrus (Atlantic mackerel; n = 3),

Phen = Polybius henslowii (swimming crab; n = 1), MP = Micro-
mesistius poutassou (blue whiting; n = 2), Myct = Myctophidae

(n = 1), Ttra = Trachurus trachurus (horse mackerel; n = 1),

Spil = Sardina pilchardus (sardine; n = 1); MAB: Cru = Crusta-

cean (n = 3), Amm = Ammodytes spp. (sand lance; n = 5),

Ptri = Peprilus triacanthus (Atlantic butterfish; n = 2),

Eter = Etrumeus teres (round herring; n = 3), Hip = Hippocampus
erectus (sea horse; n = 1), Uten = Urophycis tenuis (white hake;

n = 3), Lpea = Loligo pealeii (longfin squid; n = 2))
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Bochenek 1990; Barr 1991). Both SCA and SIA confirm

that age 1–5 years ABFT occupy a common niche along

these coastal foraging grounds as sand lance predators.

Anchovy populations in the BYB have recently declined

(Ibaibarriaga et al. 2008; ICES 2008), and their low rep-

resentation in our sample could reflect reduced availability

and a consequent dietary change for ABFT. Anchovy

recruitment was relatively high for 2000, but then declined

for the remaining years of our study (Ibaibarriaga et al.

2008). Observed dietary trends for ABFT in the Bay of

Biscay appear to track availability of anchovies and alter-

nate prey such as krill. Anchovies were a major prey in

2000, while krill were absent from stomach contents. In

summer 2005, despite low overall stock abundance, age-0

anchovy abundance was among the highest across

2003–2006 in the BYB (Boyra et al. 2008). Anchovies

made up nearly half of stomach content biomass in August

2005, when they transition from the larval to juvenile phase

(Irigoien et al. 2007). Krill had high densities (Lezama

et al. 2008; Irigoien et al. 2009) and were the main diet

item in summer 2004, while anchovies were absent. These

results suggest that ABFT are true generalists, changing

diet to reflect prey community composition.

Anomalous oceanographic conditions were documented

in 2004 in the BYB and MAB (Taylor et al. 2005; Fontán

et al. 2008). Stable isotope values for fish sampled in

summer 2004 were distinct from other seasons and years.

While differences were likely due to increased feeding on

krill in the BYB, significant differences in muscle d15N and

muscle–liver d15N separation for age 1–3 ABFT in the

MAB suggest recent dispersal from offshore areas, where

N2 fixation and recycled nitrogen produce low d15N values

(Wada and Hattori 1991). In 2004, increased cold, fresh

Scotian shelf water entered the eastern Gulf of Maine,

which was then advected later in the year onto George’s

Bank and into the MAB (Taylor et al. 2005). Differences in

oceanographic conditions could have influenced timing of

arrivals onto shelf regions. These data suggest that offshore

foraging grounds may also be important to juvenile ABFT.

Prey and ABFT condition

Community changes to prey with lower energy content

could adversely affect a species with high metabolic

demands such as ABFT (Golet et al. 2007). Significant

declines in the somatic condition of adult ABFT in the Gulf

Fig. 5 Mean ± SD d13C and d15N values from (a) the Bay of Biscay

(BYB) and (b) Mid-Atlantic Bight (MAB) of prey and Atlantic

bluefin tuna (Thunnus thynnus; ABFT) liver and muscle. (BYB:

MN = Meganyctiphanes norvegica (krill; n = 4), SS = Scomber
scombrus (Atlantic mackerel; n = 3), PH = Polybius henslowii
(swimming crab; n = 1), EC = Engraulis encrasicolus (European

anchovy; n = 1), MP = Micromesistius poutassou (blue whiting;

n = 2), SP = Sardina pilchardus (sardine; n = 1), MY = Mycto-

phidae (n = 1), OM = Ommastrephidae (n = 4), TT = Trachurus

trachurus (horse mackerel; n = 1), TTL = Thunnus thynnus liver

(n = 118), TTM = Thunnus thynnus muscle (n = 118); MAB:

CR = Crustacean (n = 3), HI = Hippocampus erectus (sea horse;

n = 1), AM = Ammodytes spp. (sand lance; n = 5), PT = Peprilus
triacanthus (Atlantic butterfish; n = 2), ET = Etrumeus teres (round

herring; n = 3), UT = Urophycis tenuis (white hake; n = 3),

LP = Loligo pealeii (longfin squid; n = 2), TTL = Thunnus thynnus
liver (n = 72), TTM = Thunnus thynnus muscle (n = 72))

Mar Biol (2011) 158:73–85 81

123



of Maine could be linked to changes in prey composition or

energy content (Golet et al. 2007). Recent modeling pro-

jections demonstrate that growth at young ages is linked to

age-at-maturity and that growth is also dependent upon

food quality and availability (E. Chapman, personal

communication).

In the NW Atlantic, lipid content estimates of ABFT

prey range from *3 to 7% for sand lance, butterfish, and

squid (Lawson et al. 1998; Budge et al. 2002). Sand lance

has a relatively high energetic content, which combined

with dense schooling behavior (Nizinski 2002) provides an

ideal prey for a ram-feeder like ABFT (Rooker et al. 2007).

Available BYB prey items vary widely in quality, with

anchovies generally having higher lipid content than krill

or blue whiting (Soriguer et al. 1997; Mayzaud et al. 1999).

Krill lipid content varies widely depending on season, sex,

and reproductive state (Mauchline and Fisher 1969; May-

zaud et al. 1999; Albessard et al. 2001). While further

studies are needed to compare the nutritional quality of

krill and anchovy prey, differences in their quality could

affect ABFT energetics as ABFT appear to feed preferen-

tially on whichever prey group is most abundant.

For age 1–3 ABFT, muscle tissues from both regions

had minimal lipid stores (mean C:N *3.2, lipid-free value

*3.1 (Logan et al. 2008)), while age 4–5 ABFT from the

MAB had slightly higher C:N values (*3.4). ABFT

increase in length rather than girth at smaller sizes

(\110 cm), then gain greater mass at larger sizes (Mather

et al. 1995; Fromentin and Powers 2005), and a corre-

sponding increase in lipid stores was observed for age

4–5 year ABFT in the MAB. No ABFT [ 110 cm were

analyzed for muscle C:N in the BYB, but summer biomass

gain for age 1–3 ABFT in this region is nearly 5–6 times

faster than winter growth (Cort 1991), so energy stores

should increase during this period of elevated growth.

During 2004 when data were collected across the feeding

season (BYB), liver C:N significantly increased from

summer to fall, suggesting that juveniles might instead

store energy reserves in this tissue. In adults, lipid content

changes seasonally in muscle tissue (Estrada et al. 2005;

Golet et al. 2007), and we may have missed increases in

somatic condition because of limited sample size. In a

more comprehensive study in the BYB, there was a linear

increase in muscle lipid content with size and both inter-

and intra-annual variability (Goñi and Arrizabalaga 2010).

Role of ABFT in coastal food webs

Young ABFT seem to occupy a lower trophic position than

co-occurring marine mammal and some fish predators such

as bluefish (Pomatomus saltatrix) in both Atlantic shelf

regions (Bowman et al. 2000; Spitz et al. 2006). King

mackerel (Scomberomorus cavalla), a piscivore (BowmanT
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et al. 2000) from the MAB, had higher d13C and d15N

values relative to ABFT (Logan 2009). King mackerel liver

samples had d13C and d15N values of -17.9 ± 0.3% and

12.5 ± 0.3% (n = 3), respectively, while our complete

ABFT dataset had d13C and d15N values of -18.8 ± 0.6%
and 11.4 ± 0.4%. Isotope discrimination values assumed

in this study would place king mackerel about one trophic

level above ABFT. We attribute these results to higher

predation rates on crustaceans and other lower trophic level

prey species by ABFT. In the BYB, 1- to 2-year-old ABFT

have low d15N values, corresponding to values of smaller

primary consumers (e.g., sardines) (Bode et al. 2007).

Adult ABFT can reach a trophic level similar to top pelagic

predators such as odontocetes and sharks (Estrada et al.

2003, 2005; Sara and Sara 2007), suggesting that ABFT

undergo an ontogenetic dietary shift of several trophic

levels. Young ABFT fed on similar prey items to ABFT in

NW Atlantic foraging grounds (Estrada et al. 2005), but

Table 4 Mean ± SD prey composition for Mid-Atlantic Bight (MAB) Atlantic bluefin tuna (Thunnus thynnus; ABFT) (percent weight (%W),

percent number (%N), and frequency of occurrence (%O))

Prey Age 1–3 (n = 20) Age 4–5 (n = 22)

%W %N %O %W %N %O

Phylum Arthropoda 4.9 ± 22.1 1.3 ± 5.6 5.0 0.0 ± 0.1 0.6 ± 2.7 4.5

Class Malacostraca (Crustaceans)

Order Decapoda 4.9 ± 22.1 1.3 ± 5.6 5.0 0.0 ± 0.1 0.6 ± 2.7 4.5

Phylum Chordata 90.9 ± 26.1 67.3 ± 45.7 100.0 86.3 ± 25.1 55.9 ± 48.6 100.0

Unidentifiable Osteichthyes 57.1 ± 39.5 0.0 ± 0.0 90.0 46.4 ± 35.0 0.0 ± 0.0 77.3

Order Clupeiformes

Family Clupeidae

Etrumeus teres 4.5 ± 20.0 5.0 ± 22.4 5.0 3.8 ± 17.8 2.3 ± 10.7 4.5

Order Perciformes 29.3 ± 35.6 62.1 ± 47.2 70.0

Family Ammodytidae

Ammodytes spp. 26.6 ± 35.7 57.1 ± 48.2 65.0 31.4 ± 36.3 50.8 ± 47.0 59.1

Family Stromateidae

Peprilus triacanthus 2.7 ± 12.2 5.0 ± 22.4 5.0

Order Scorpaeniformes

Family Scorpaenidae 0.0 ± 0.0 0.2 ± 1.0 5.0 0.0 ± 0.1 0.6 ± 2.7 4.5

Order Gadiformes

Family Gadidae 2.6 ± 12.2 0.8 ± 3.6 4.5

Order Phycidae

Urophycis tenuis 2.6 ± 12.2 0.8 ± 3.6 4.5

Order Syngnathiformes

Family Syngnathidae

Hippocampus erectus 2.1 ± 9.6 1.5 ± 7.1 4.5

Parasites 9.4 ± 21.1 24.2 ± 42.6 27.3

Phylum Platyhelminthes

Class Trematoda

Order Azygiida

Family Hirudinellidae

Hirudinella ventricosa 9.4 ± 21.1 24.2 ± 42.6 27.3

Phylum Mollusca 1.1 ± 3.6 6.5 ± 22.5 15.0 0.3 ± 1.4 1.1 ± 5.3 4.5

Class Cephalopoda 1.1 ± 3.6 6.5 ± 22.5 15.0 0.3 ± 1.4 1.1 ± 5.3 4.5

Order Teuthoidea 0.8 ± 3.3 1.5 ± 4.5 10.0

Unidentifiable Teuthoidea 0.0 ± 0.1 0.8 ± 3.7 5.0

Family Loliginidae 0.7 ± 3.3 0.6 ± 2.8 5.0

Order Octopoda 0.3 ± 1.5 5.0 ± 22.4 5.0 0.3 ± 1.4 1.1 ± 5.3 4.5

Plastic material 0.0 ± 0.1 0.0 ± 0.0 4.5

Unidentifiable material 3.0 ± 13.6 0.0 ± 0.0 5.0 4.0 ± 12.6 0.0 ± 0.0 18.2
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lower trophic level prey than ABFT of the same size

classes in the Mediterranean Sea (Sanz Brau 1990; Si-

nopoli et al. 2004; Sara and Sara 2007).

Conclusions

Young ABFT feed mainly on zooplanktivorous fishes and

crustaceans in foraging grounds in the eastern and western

Atlantic Ocean. Our results generally support past findings

that ABFT in the MAB forage mainly on sand lance, but

isotope results suggest similar contributions of lower tro-

phic level prey. For the Bay of Biscay, ABFT diet appeared

to change in response to prey species abundance, with

anchovies and krill as major prey groups when each was

abundant. Further studies comparing the quality and

abundance of these prey groups would better define

potential impacts on ABFT feeding in this region. Long-

term monitoring of trophic relationships will be necessary

to understand ecosystem changes and top predator popu-

lation dynamics in relation to climate change and human

exploitation.
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