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Atlantic bluefin tuna (ABFT; Thunnus thynnus) is a large highly mobile predator fish
species in the North Atlantic Ocean and Mediterranean Sea. Knowledge of its trophic
role in marine food webs in summer feeding areas is presently based on recent
(1980-2010s) sampling in the Bay of Biscay, Gulfs of Maine and St. Lawrence, and from
historical (1950-1960s) sampling in the Norwegian-North Sea-Kattegat. No study has yet
investigated the diets of ABFT in Icelandic waters, where it supported an experimental
fishery during 1996-2005, nor in any region north of the Bay of Biscay since the 1960s.
However, north Atlantic temperatures and fish species distributions, including some
ABFT prey species (e.g., mackerel) have been changing in the 2000s. New knowledge
of ABFT diets in previously understudied parts of the species range will be useful for
understanding factors affecting the trophic role, migration behavior, and bioenergetics
of ABFT. Here, we report the dietary composition of ABFT during autumn migrations to
the Iceland Basin south of the continental shelf of Iceland. A total of 36 prey species or
higher taxa were observed in 421 stomach samples: 17 teleost fishes, 4 squid, 1 octopus,
12 crustaceans, and 2 other invertebrate species. The most important prey species were
European flying squid (Todarodes sagittatus) (%N = 16.70, %W = 48.89; %FO = 87.65),
barracudinas (Paralepididae) (%N = 14.05, %W = 28.59, %FO = 76.48), and gonate
squid (Gonatus sp.) (%N = 9.17, %W = 7.85, %FO = 75.06). Prey sizes were highly
variable relative to ABFT sizes indicating highly opportunistic feeding on diverse sizes.
The presence of a large proportion of mesopelagic species in the diet indicates feeding
in the mesopelagic layer and extensive dive behavior. These results give new baseline
knowledge for future comparison with anticipated oceanographic-biological changes in
the region in the coming decades and can be used to help parameterize new models of
ABFT migration behavior and trophic role.
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INTRODUCTION

Atlantic bluefin tuna (Thunnus thynnus; ABFT) is distributed
in the pelagic and mesopelagic waters of the North Atlantic
and adjacent seas from Brazil to Newfoundland in the West
Atlantic and from the Canary Islands to North Norway in the
East Atlantic (for review see e.g., Mather et al., 1995; Fromentin
and Powers, 2005; ICCAT, 2015). After spawning in the Gulf
of Mexico and Mediterranean Sea in the spring, many ABFT
migrate into the Atlantic Ocean for feeding heading along the
continental coasts and into open waters. Minor proportions
of the fish migrate southward along the South American and
African coasts toward Brazil and the Canary Islands, respectively.
The main routes however, head north along the North American
coast to the Gulf of St. Lawrence, Labrador, and Newfoundland,
into offshore areas in the NW Atlantic and in the East Atlantic
along the Iberian peninsula into the Bay of Biscay and further
north along the British Isles and as far north as the Lofoten
Islands off the Norwegian coast (e.g., Mather et al., 1995; Cury
et al,, 1998; Fromentin and Powers, 2005; Fromentin et al., 2013;
Druon et al., 2016).

Shifts in the autumn migration and subsequent inter-annual
fluctuations in ABFT abundance at the feeding grounds at higher
latitudes are known from commercial fishing data (Rooker et al.,
2007; Golet et al., 2013; ICCAT, 2015). Tagging experiments have
also indictaed that feeding migration and movement patterns
of ABFT vary between individuals, years and areas (Lutcavage
et al., 2000; Block et al., 2001, 2005). Exploitation of ABFT in
northern European waters started in the 1920s with small scale
angling and harpoon fisheries in the Norwegian Sea and the
North Sea. With introduction and development of purse seine
fishing technique the exploitation of ABFT in northern Europe
expanded and reached a climax in the 1950s after which it rapidly
declined and eventually collapsed in the early 1960s (for review
see: MacKenzie and Myers, 2007; Fromentin, 2009; Tangen,
2009; ICCAT, 2015). The offshore waters south of Iceland were
poorly explored and not exploited for ABFT during the period of
large scale tuna fisheries in northern Europe in the last century.
However, similar oceanographic features of the waters south
of Iceland and off the Norwegian coast (Malmberg, 2004) and
anecdotal records of ABFT schools in Icelandic nearshore waters
in 1929 and 1944 (Fridriksson, 1944, 1949) suggest that the fish
may have been abundant south of Iceland during this period.
Evident confirmation of regular migration of ABFT in the area
south of Iceland was first obtained during experimental ABFT
fisheries in the Iceland Basin in the autumns of 1996-2005. The
fisheries revealed the existence of ABFT migrating into the area
in the autumn; however, interannual fluctuations in the catch
rates indicated instability in the migration patterns in the area
(Olafsdottir, 2004).

The ABFT is generally believed to occupy the surface and
subsurface waters and aggregate in relation to foraging in
upwelling and high productive areas along ocean fronts (e.g.,
Bard et al., 1998; Humston et al,, 2000; Rouyer et al., 2004,
2014; Wilson and Block, 2009) or in proximity to prey schools
(Golet et al,, 2013). Analyses using stable nitrogen isotope
method have shown that juvenile ABFT forage at the position of

trophic level 3-4 whereas the adult fish is at similar ecological
position as pelagic sharks and forage at trophic level 4-5 (Estrada
et al,, 2005; Sara and Sara, 2007; Logan, 2009; Logan et al.,
2011).

Previous studies of ABFT diet in the North Atlantic and
Mediterranean have shown consumption of a large variety of
pelagic and mesopelagic prey including fish as well as cephalopod
and crustacean species. Young of the year ABFT from the
Tyrrhenean Sea in the central Mediterranean Sea feed primarily
on odd bobtail squid (Heteroteuthis dispar), common clubhook
squid (Onychoteuthis banksi), and Mediterranean sand smelt
(Atherina hepsetus) (Sinopoli et al., 2004). Juvenile ABFT mainly
target anchovy (Engraulis encrasicolus) in the Ligurian Sea
(Orsi Relini et al,, 1995, 1999), European pilchard (Sardina
pilchardus) and anchovy in the Gulf of Valencia (Sanz Brau,
1990) and immature ABFT feed mainly on krill (Meganyctiphanes
norvegica), anchovy, blue whiting, and Atlantic horse mackerel
in the Bay of Biscay and the Celtic Sea (Ortiz de Zatare and
Cort, 1986; Logan et al., 2011; Pinnegar et al., 2015). Studies on
immature ABFT diet from the Mid Atlantic Bight off the east US
coast show sand lance (Ammodytae) as the main prey (Eggleston
and Bochenek, 1990; Logan et al., 2011).

Adult ABFT in the eastern Mediterranean Sea target
greater Argonaut cephalopod (Argonauta argo), lanternfishes
(Myctophidae), and horse mackerel (Trachurus sp.) during the
spawning season (Karakulak et al., 2009). Benoit’s lantern fish
(Hygophum benoiti) and Sloane’s viperfish (Chauliodus sloani)
have been reported as the most frequent prey of adult ABFT
from the Strait of Messina in the central Mediterranean Sea
followed by the southern shortfin squid (Illex coindetii) (Battaglia
et al, 2013). Atlantic herring (Clupea harengus), Atlantic
mackerel (Scomber scombrus), sprat (Sprattus sprattus), garfish
(Belone belone), and gadoids were reported from ABFT in the
Norwegian and North Seas in the 1960s (Tiews, 1978). The
most important prey of adult ABFT reported from the NW
Atlantic consists of Atlantic menhaden (Brevoortia tyrannus) oft
the coast of North Carolina (Butler et al., 2010), bullet tuna
(Axis sp.) from the coasts off Carolina to New York (Dragovich,
1970), sand lance, Atlantic herring, Atlantic mackerel, bluefish
(Pomatomus saltatrix), and squid (Cephalopoda) in the Gulf
of Maine (Crane, 1936; Holliday, 1978; Chase, 2002). Diet
reported from the area ranging from north of Bermuda
to the Azores have shown large importance of pomfrets
(Bramidae), tigerfishes (Balistidae), long-spine porcupinefish
(Diodon holocanthus), flying gurnard (Dactylopterus volitans) as
well as seven-armed octopus [Haliphron atlanticus (=Alloposus
mollis)] and unidentified squid (Dragovich, 1970; Matthews et al.,
1977).

The objectives of the present study were to improve
knowledge of the feeding of large ABFT in offshore areas in the
central NE Atlantic, by providing information on species and
size composition and potential spatial and temporal variation of
the diet. Until now, there have been no dietary studies of ABFT
north of the Bay of Biscay/Celtic Sea since the 1960s (Tiews, 1978;
Pinnegar et al., 2015). Given the northerly latitude and colder
habitat of the Iceland Basin region, better understanding of the
feeding ecology of ABFT in these waters may help understand
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its migration behavior and fluctuations in abundance at higher
latitudes. Such knowledge will also provide a valuable baseline
against which future diets can be compared as climate changes. In
addition, ABFT dietary studies have primarily focused on species
composition of the diet instead of size composition and the
relationships between prey and predator (ABFT) size. However, a
recent study indicates that prey size as well as abundance may be
an important factor affecting bluefin tuna condition and foraging
success (Golet et al., 2015). New dietary data (both for the species
and size composition) from the south Iceland continental shelf
break and slope region and during the late 1990s will therefore
provide new knowledge of the diet of ABFT in a previously
uninvestigated area and time period.

MATERIALS AND METHODS

Sample Collection

Information on prey occurrence and diet samples from ABFT of
90-290 cm size range were collected during experimental
longline fishing operations conducted on five Japanese
commercial vessels in the Iceland Basin south of Iceland in
August to November in 1998 and 1999 (Table 1). Lines of about
100 km length were laid in the sea, containing 2800-3200 hooks
floating at 90-140m depth. The process of laying the lines
started around 6 A.M. and ended around 11 A.M. The retrieval

of the lines started around 5 P.M. and took 9-12 h depending on
weather and catch. Squid and mackerel were mainly used as bait.
Research observers onboard each vessel reported information
on start and end location of the line settings and ABFT tuna
fork lengths (rounded to the nearest 5 cm). Stomachs of 1643
and 755 ABFT in 1998 and 1999, respectively, were investigated
for presence of diet onboard the vessels. Empty stomachs
were reported and diet samples were collected and stored at
—20°C within 30 min after the fish were hauled from the
water.

Sample Processing and Data Analyses

Food remains from 421 of 2064 ABFT stomachs containing food
were identified and counted to the lowest taxa possible under
a magnifying glass or a stereoscope. The stomach samples were
categorized by year, month, east, or west location separated at
18°25" meridian and small or large size separated at 200 cm
length i.e., the average length of ABFT in the area (Olafsdéttir and
Ingimundardottir, 2003). Samples were selected for diet analyses
from 1998 aiming at even distribution between each area, size,
and month category. For interannual comparison of years with
various catch per unit of effort [CPUE; overall CPUE in 1998:
183 kg/1000 hooks; 1999: 90 kg/1000 hooks (Olafsdottir, 2004)],
a subsample from smaller size category and August were analyzed
from 1999 (Table 1).

TABLE 1 | Number of Atlantic bluefin tuna Thunnus thynnus stomach samples analyzed for taxonomic and size composition/presence of prey, by year,

area, tuna fork length, and month.

Area Fork length August September October November Total
1998 West <200 cm 31/26 21/96 31/172 /2 83/296
West >199 cm 63/123 21171 29/252 /4 113/550
Total 94/149 42/267 60/424 /6 199/846
East <200 cm 13/14 43/106 32/177 88/297
East >199 cm 16/80 51/219 37/201 104/500
Total 29/94 94/325 69/378 192/797
1999 West <200 cm 9/27 lARN nrr 9/321
West >199 cm 15/59 /137 /119 15/315
Total 24/86 /254 /296 24/636
East <200 cm 3/15 /5 /8 3/28
East >199 cm 6/70 /4 /7 6/91
Total 9/85 /19 /15 9/119
Total 1998 123/243 136/592 129/802 /6 388/1643
Total 1999 33/171 /273 /311 33/755
Total West 118/235 42/521 60/720 /6 220/1482
Total East 38/179 94/344 69/393 201/916
Total <200 56/82 64/324 63/534 /2 183/942
Total >199 100/332 72/541 66/579 238/1456
Grand total 156/414 136/865 129/1113 421/2398

In total, 2398 of the stomachs were detected for prey presence. 2060 stomachs contained prey, and a subsample of 421 was analyzed in detail. The areas West East are shown in

Figure 1.
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Digestion levels of the prey were estimated and categorized
as (1) undigested, (2) moderately digested, (3) heavily digested:
prey remnants consisting only of hard parts (4) severely digested:
hard parts too eroded for measurements, species identification or
counting. The bait was identified based on the taxa and digestion
level and excluded from data analyses.

The number of prey items was estimated by counting
individual prey items of digestion levels 1 and 2 and sagittal
otolith and beak pairs for fish and squid, respectively, of level 3.
Long soaking time of the hooks (about 18 h at maximum) and
elevated metabolic rate in ABFT (Carey et al., 1984; Dickson
and Graham, 2004; Graham and Dickson, 2004; Blank et al.,
2007) probably resulted in high digestion levels of the diet
collected in the present study. Therefore, it was deemed feasible
to use reconstructed lengths and weights of the prey items in
the analyses of the stomach contents. The reconstructions are
based on known relationships of body sizes to hard particle
sizes: sagittal otolith pairs, lower rostral beak (LRL), and lower
hood beak (LHL) for fish, decapod, and octopod cephalopods,
respectively (Annex 1). For estimation of the lengths/weights
of gonate squid (Gonatus sp.) equations on the relationship
of LRL beak to mantle lengths for Boreoatlantic gonate squid
(G. fabricii) were applied, and an overall equation on otolith to
fish lengths for barracudina (Paralepididae) species was used for
barracudina prey (Annex 1). Where available, reconstruction
equations for prey from Icelandic waters were used (Vikingsson
et al., 2003, reference collection held at the Marine Research
Institute, Iceland). In the absence of equations from Icelandic
waters, equations from other areas were applied (Clarke, 1980,
1986; Harkonen, 1986; Santos et al., 2001). Severely digested
prey whose hard parts were too eroded for size measurements
(level 4) and where size could not be obtained due to broken
otolith and missing LRL or LHL were not used in analyses on
prey lengths. In studies on the importance of prey species in
the diet, it is however necessary to estimate total weights of
all prey. Therefore, prey items of level 4 and where hard parts
were missing were given the overall average weights of the
same prey species or taxon in the same stomach. In cases where
average weight of a species could not be obtained for a single
stomach, the overall average weight of the prey species from all
stomachs was used. Estimation of reconstructed sizes was not
possible for Greenland argentine (Nansenia groenlandica), rakery
beaconlamp (Lampanyctus macdonaldi), shortnose lancetfish
(Alepisaurus  brevirostris), cornish blackfish (Schedophilus
medusophagus), gray sole (Glyptocephalus cynoglossus), monkfish
(Lophius piscatorius), and sand lance. For these fish prey, the
measured wet weights were used. Average weights of 0.3 g were
used for Euphausid krill based on unpublished results from
Icelandic waters (Hauksson and Bogason, unpublished data).
The overall average wet weight from all ABFT samples in the
present study were used for hyperiid amphipod and diogenid
anomura. Measured wet weights were also used for unidentified
prey and invertebrates where mean weights from previous or the
present study were not available (Annex 1).

The contribution of each taxon in the diet was estimated using
relative measures of prey quantity described by Hyslop (1980).
The numerical index (%N = number of individuals of prey taxon

in a stomach/number individuals of all prey taxon in a stomach x
100) and gravimetry index based on reconstructed weight (%W
= total weight of prey taxon in a stomach/total weight of all
prey taxa in a stomach x 100) were calculated for each stomach
sample. Percent frequency of occurrence (%FO = number of
stomachs containing prey taxon/ number of stomachs containing
any prey in the overall sample) was calculated for the two area
and two size classes (see Table 1; Hyslop, 1980).

Cumulative prey curves were constructed for two tuna size
classes and two areas (see Table 1) for testing of sample size
sufficiency for each group (Ferry and Gaillet, 1996). Cumulative
number of unique prey taxa was plotted against number of
stomach samples as described by Bizzarro et al. (2007). The
average cumulative number of unique prey taxa was calculated on
results from 10 iterations of a random reordering of the stomach
samples. Sample size sufficiency was tested using linear regression
of the four last samples in each category to investigate if the slopes
were significantly different from zero (P > 0.05) indicating if the
curve had reached a level of asymptote. The slope was formed
by the average cumulated number of unique prey for the four
last stomach samples and the number of unique prey for the last
stomach sample from the 10 random reordering iterations.

Dietary breadth was determined for ABFT by calculating
Levin’s niche breadth using the relative frequency of occurrence
of food items (B = 1/)_p?j, where B is Levin’s measure of niche
breadth and pj is the fraction of items in the diet that belong
to resource category j), and Levin’s standardized dietary breadth
on a scale from 0 to 1.0 (B4 = B — 1/n — 1, where By is
the Levin’s standardized niche breadth; B the Levin’s measure of
niche breadth; » is the number of possible resource categories). B
ranges from 0 to n and B4 from 0 to 1.0. Values of niche breadth
are maximum when the food items are equally distributed among
the possible food categories. The niche breadth is minimal when
all the food items occur in only one food category (Levins, 1968).
Comparisons of niche breadth were performed between ABFT
from east and west areas and small and large size categories (see
Figure 1; Table 1) using two factor Anova.

The overall relationship between prey size and ABFT
size was initially analyzed using linear regression. The
relationship of ABFT fork length and prey lengths (total
lengths for fish prey and mantle lengths for squid) was
analyzed for each of the six most important fish and squid
prey species: European flying squid, gonate squid, barracudinas
(Paralepididae), squarenose helmetfish (Scopelogadus beanii),
Kroyer’s lanternfish (Notoscopelus kroyeri), and Mueller’s
bristlemouth fish (Maurolicus muelleri). Greenland argentine
was not included in the analyses due to lack of reconstructed size
data (see above).

We used quantile regression (Scharf et al., 1998, 2000) to
investigate how prey maximum and minimum sizes varied with
ABFT size for each of these six species groups and for the
combined community represented by these six species groups.
Quantile regression compares percentiles of the dependent
variable’s frequency distribution in relation to an independent
variable. We assumed that the 10th and 90th percentiles
approximated the minimum and maximum sizes of prey
consumed by bluefin tuna. Quantile regression analyses of these
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FIGURE 1 | Location of the study area. Each point prepresents the starting location of line settings for 421 Atlantic bluefin tuna Thunnus thynnus used in analyses
on prey composition. Division between east and west regions used in the analyses is shown along the meridian 18°25” W.
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percentiles in relation to tuna size therefore can potentially
quantify how these size extremes change with tuna size (length
and weight), and whether minimum and maximum sizes both
change at the same rates with tuna size. We conducted the prey
size-predator size linear and quantile regression relationships
using both length and weight estimates of sizes.

We subsequently investigated whether other variables affected
the prey size composition of ABFT diets for the six most frequent
prey species (see above). The variables considered in addition to
ABFT length were those that could have been associated with the
temporal (seasonal, inter-annual) and geographic distribution
of prey: Julian date, year, latitude, and longitude of ABFT
catch locations (i.e., starting location of the line settings). These
analyses used generalized linear mixed models (GLMM) with
Gaussian link function, and included ABFT length, Julian date,
latitude, and longitude as numerical variables and year as a factor
variable; individual ABFT was treated as random effect in the
models. The best models were selected on the basis of Akaike
Information Criteria (AIC) by stepwise removal of explanatory

variables. Psuedo-R? was calculated for the best GLMM models
as described by Nakagawa and Schielzeth (2013); marginal R
(i.e., variance explained by fixed factors) and conditional R? (ie.,
variance explained by fixed and random factors).

The occurrence and overall weight of all prey species in
the ABFT diet was analyzed using generalized linear models
(GLM). The analysis was performed in two steps as described in
Stefansson and Pélsson (1997). In the first step, the probabilities
of empty stomachs using data on overall presence/absence of
diet observation from 2398 ABFT were analyzed with logistic
modeling using a Bernoulli variable (logit link function). In
the second step, contents of the nonempty stomachs which
were analyzed in detail for prey and size composition (i.e., N
= 421), were modeled with a Gamma variable (inverse link
function). Total prey weight in a stomach was treated as the
response variable and the explanatory variables considered were
ABFT fork length, Julian date, latitude, longitude, and year. The
ABFT fork length variable was chosen to detect if large fish
had an overall heavier stomach content than smaller fish, and
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other explanatory variables detected possible geographical and
temporal variations in prey availability. We again used AIC and
stepwise removal of the explanatory variables to select the best
models. Pseudo-R? or D?-adjusted was calculated to estimate the
amount of deviance explained by the best models as equivalent
to R? in linear models as described by Guisan and Zimmermann
(2000). We then repeated this two-step analysis for occurrence
and prey weight in stomachs for the three most frequent prey
species by occurrence and weight (European flying squid, gonate
squid, barracudinas). We also estimated the diet weight relative
to the predator weight (an indicator of stomach fullness; Butler
etal., 2010) for each individual bluefin tuna in our analysis.

Statistical analyses were performed using R (R Core Team,
2013) and SAS (quantile regressions). GLMM were applied with
the Ime4 package (Bates et al., 2015) and pseudo-R? analyses for
GLMM and GLM models with the MuMIn (Barton, 2015) and
modEvA (Barbosa et al., 2014), packages, respectively.

RESULTS

Overall Diet Composition

The overall proportion of non empty stomachs was 85.9%, i.e.,
2060 ABFT contained diet of the 2398 fish investigated for prey
occurrence (i.e., Tables 1, 2). A total of 36 different prey taxa
was observed in the subsample of 421 ABFT stomachs analyzed
further for species composition: 17 teleost fishes, 4 squid, 1
octopus, 12 crustaceans (identified to species or higher taxa),
and 2 other invertebrate species (Figure 2; Table 2). Calculations
of Levin’s niche breadth showed low-modest values (range: B =
1.396 - 2.003; B4 = 0.016 - 0.046) and reflect unequal importance
of prey species in the diet. This means that, although a fairly large
number of species was consumed, the diet was dominated by a
relatively small number of species (Table 3). Analyses of the niche
breadth (B) showed no difference between ABFT size classes (F =
1.006, d.f. = 1; p = 0.499) and difference between East and West
areas was slightly below significance level (F = 171.847; d.f. = 1;
p = 0.048) (Table 3).

The most important prey species in both areas and size
classes were European flying squid (%N = 16.70, %W = 48.89;
%FO = 87.65), barracudinas (%N = 14.05, %W = 28.59, %FO
= 76.48), and gonate squid (%N = 9.17, %W = 7.85, %FO =
75.06; Table 2). The most important prey species by frequency
of number was hyperid amphipods but their small size resulted
in minor importance in the overall biomass (%N = 35.10,
%W = 0.05, %FO = 64.37). Other frequent prey in all areas were
squarenose helmetfish (%N = 2.26, %W = 1.21, %FO = 38.95),
Greenland argentine (%N = 2.70, %W = 0.01, %FO = 26.37),
and Mueller’s bristlemouth fish (%N = 1.02, %W = 0.03, %FO =
18.05) (Table 2).

Cumulative prey curves indicated sufficient sample sizes
for the both areas and size categories (Figure 3). The slopes
generated from the last four data points of the curves did not
differ significantly from a slope of zero in any of the catagoreis,
indicating that the curves had reached asymptote: West area and
small size (t = 1.0; p = 0.33, d.f. = 19), East area and small size
(1.77; p = 0.09; d.f. = 19), West area and large size (t = 1.76; p

=0.09: d.f. = 19), and East area and large size (t = 1.5; p = 0.15;
d.f =19).

Prey Lengths

The reconstructed lengths of ABFT prey where length estimation
was possible ranged from an estimated 3.8 mm gonate squid
to a barradudina specimen of 565 mm. Among the six most
important prey species by %FO, Mueller’s bristlemouth fish was
measured with the smallest average length of 42 mm (range: 24—
73 mm) and barracudinas the largest average estimated length of
272 mm (range: 13-565 mm; Figure 4).

Prey length in general had relatively little association with
ABFT length for the most important species consumed
(Figures 5, 6; Table4; Annexes 2-4), considered either
individually (Figure5; Annexes 2, 3) or as an aggregation
(Figure 6; Annex 4). Although many of the relationships were
significant at 5%, the explained level of variation was always
very low, regardless of whether linear or quantile regression
analyses were used (i.e., Ridj. < 5%; Figure 5, showing six
panels, and also Figure 6 showing the six species aggregated
in one quantile regression analysis; Annex 2). When quantile
regression relationships were significant they were usually
positive, but not always (e.g., squarenose helmetfish). Among
the significant quantile regression relationships within a species,
slopes tended to be larger for the higher percentiles; however,
the large uncertainty associated with all relationships indicates
that the differences are not statistically significant (P > 0.05) and
likely have minimal ecological importance (Figure 5).

GLMM analyses of the dependence of the prey total lengths
on ABFT length, Julian date, latitude, and longitude showed
that the lengths of European flying squid, gonate squid, and
squarenose helmetfish were significantly correlated with the
length of ABFT (although explained variances were very low),
and that the lengths of barracudinas, Kroyer’s lanternfish, and
Mueller’s bristlemouth fish varied independently of ABFT length
(Figure 5). The GLMM analyses also showed some effects of
other explanatory variables on the length distribution of the
prey giving indications of temporal or geographical changes in
the size distribution of these prey species during the feeding
season (Table 4). Mantle lengths of European flying squid in
ABFT stomachs increased from western to eastern longitudes
(P < 0.01). For gonate squid, Julian date (P < 0.001), latitude (P
< 0.01), and longitude (P < 0.01) explained significant variation
in mantle lengths in ABFT stomachs: mantle lengths decreased
throughout the season but increased with increasing latitude and
from western to eastern longitude. Julian date explained some
variations in barracudina and Mueller’s bristlemouth fish lengths
in ABFT stomachs (P < 0.001 for each species) and showed that
the lengths declined throughout the season in both prey species.

Diet Weight

In the 421 diet samples analyzed further, the median weight of
stomach content was 1097 g (75% quartiles: 416-2507 g) and the
average weight was 1953 g, based on reconstructed weights. The
maximum weight observed was 23299 g in a stomach from a 235
cm ABFT caught in October 1998. The diet weight as proportion
of body weight (i.e., stomach fullness) ranged between 0-12%,
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Unidentified prey
1%

Other and unidentified
cephalopoda
8%

Barr:

TABLE 3 | Levin’s niche breadth (B) and standardized nich breadth (B,) of
Atlantic bluefin tuna Thunnus thynnus caught in the Iceland Basin during
August to October 1998 and August 1999.

European flying
squid
49%

FIGURE 2 | Mean percent weight (%W) of prey groups found in
stomachs of Atlantic bluefin tuna Thunnus thynnus in the Iceland
Basin in August to October 1998 and August 1999. Diagonal pattern
represents squid and other invertebrates, dashed pattern represents fishes.

with mean, median, and standard deviation equal to 1.4, 0.8,
and 1.7%.

As observed above for prey length-ABFT length relationships,
ABFT weight explained little variation (<4%) in prey weight
using linear regression. Linear and quantile relationships were
often not significant for individual species (3 of 6 linear
regressions, and 8 of 18 quantile regressions; Annexes 2, 3).
Linear regressions were significant for flying squid, gonate squids
and squarenose helmetfish. Quantile regression relationships
were all significant (P < 0.05) for European flying squid, gonate
squids and the barracudinas (Annex 3) and the aggregation of six
species (Annex 4).

GLM analyses of the total diet weight and weight of three
most important prey species in terms of %W representing about
89% of the total weight (European flying squid, gonate squid, and
barracudinas) were performed in two steps. The first step testing
for presence of diet in ABFT stomachs with a logistic model
(N = 2398) showed that presence of any prey species was best
explained according to AIC by a model with sampling year (p <
0.001) and latitude (p < 0.1) as explanatory variables (Table 5).
The proportion of empty stomachs was 15.3 and 11.5% in 1998
and 1999, respectively, and the median latitude was 61.11 (75%
range: 60.53-61.63) for empty stomachs and 61.12 (75 range:
60.55-61.73) for stomachs containing diet. This model explained
0.7% of the deviance in prey occurrence, and the biological
meaning of the significant differences is therefore probably low.
The best model in the second step in the analyses included ABFT
fork length (p < 0.001) as an explanatory variable (Table 6),
and explained 5.6% of the deviance in prey weight in the ABFT
stomachs.

The results of the GLM analyses on European flying squid
showed that the presence of this species was best explained by
ABFT fork length (p < 0.001) and Julian date (n.s) however, this
model only explained 2.8% of the deviance (Table 5). The median
fork length of ABFT where the squid was absent was 199 cm
(75% quartiles: 180-212 c¢m) and in ABFT where the squid was

ABFT fork length (cm) 90-199 93-199 200-251 200-275

Area West East West East
2% N ABFT 88 95 127 95

N prey items 8463 16061 12302 24036

N prey categories® 23 20 25 26

B 2.003 1.482 2.003 1.396

Ba 0.046 0.025 0.042 0.016

N = number of individual ABFT, prey item and prey category; B, Levin’s; Ba, standardized
niche breadth.

aPrey taxa listed in Table 2. Unidentified squid was pooled with European flying squid
and unidentified krill pooled with Northern krill. Algae and unidentified fishes, crustaceans,
amphipods, and decapods were exluded from the calculations.

——West area; Small FL

Number of unique prey taxa

——East area; Small FL
West area; Large FL
East area; Large FL

0 20

60

80 100 120 140

Numer of stomach samples

FIGURE 3 | Randomized cumulative prey curves of Atlantic bluefin tuna
Thunnus thynnus in the Iceland Basin in August to October 1998 and
August 1999 for small (<200 cm FL) and large (>199 cm FL) individuals
in West area (west of 18°25’ W) and East area (east of 18°25’ W). Each
point presents an average number of unique prey taxa of 10 random
reordering iterations of stomach samples. Error bars show +SD for every tenth
stomach. (West area, <200 cm: N samples = 88; N unique taxa = 23; East
area, <200: N samples = 95, N unique taxa = 20; West area, >199 cm: N
samples = 127, N unique taxa = 25; East area, >199 cm: N samples = 95, N
unique taxa = 26).

present was 204 cm (75% quartiles: 189-220 cm). The best model
in the second step also included ABFT length (p < 0.001) and
Julian date (n.s.) and explained 5.6% of the deviance in weight of
European flying squid in ABFT stomachs (Table 6).

The model best explaining the presence of gonate squid in
the ABFT diet included ABFT length (p < 0.01), Julian date (p
< 0.001), and longitude (p < 0.05) as independent variables,
and explained 3.9% of the deviance in the occurrence of gonate
squid in ABFT diets (Table 5). The median Julian date was 268
(75% range: 252-281) and 271 (75% range: 253-282) for ABFT
with gonate squid absent and present, respectively. The median
fork length of ABFT where the squid was absent was 199 cm
(75% quartiles: 181-215 cm) and in ABFT where the squid was
present was 205 cm (75% quartiles: 190-220 cm). The model in
the second step of the analyses explaining best the gonate squid
weight in the ABFT stomachs included ABFT fork length (p <
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FIGURE 4 | Length distribution of important prey species of Atlantic bluefin tuna Thunnus thynnus in the Iceland Basin, August to October 1998 and
August 1999. Prey lengths are reconstructed lengths based on known relationship of hard body part and body lengths for each prey species; mantle lengths for
European flying squid Todarodes sagittatus and gonate squid Gonatus sp. and fork lengths for barracudinas, squarenose helmetfish Scopelogadus beanii, Kroyer’s
lanternfish Notoscopelus kroeyeri, and Mueller’s bristlemouth fish Maurolicus muelleri. N = number of measured prey itemes.
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FIGURE 5 | Relationship of Atlantic bluefin tuna Thunnus thynnus fork length and the lengths of the six most important prey species in the Iceland
Basin, August to October 1998 and August 1999. (A) European flying squid Todarodes sagittatus, (B) gonate squid Gonatus sp., (C) barracudinas, (D)
squarenose helmetfish Scopelogadus beanii, (E) Kroyer’s lanternfish Notoscopelus kroeyeri, (F) Mueller’s bristiemouth fish Maurolicus muelleri. Prey lengths are
reconstructed estimates based on known relationship of hard body part and body lengths for each prey species; (A) and (B): mantle lengths, (C-F): fork lengths.
Regression lines shown on the panels correspond to quantile regression lines estimated for the 10, 50, and 90th percentiles of the consumed prey size distributions.
Solid lines are significant at P < 0.05 and dashed lines are not significant (P > 0.05; Wald’s test). Full statistical results for ordinary least squares and quantile
regression analyses for these data are shown in Annexes 2, 3.

Prey length (mm) Prey length (mm)

Prey length (mm)
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FIGURE 6 | Overall prey—predator size relationships for Atlantic
bluefin tuna Thunnus thynnus and its six most important prey groups
in the Iceland Basin during late summer-autumn 1998-1999 (Gonataus
sp., M. mulleri, N. kroeyeri, Paralepidae (barracudinas), N. beanii,

T. sagitatus). (A) Tuna fork length and lengths of all six prey groups. (B) Tuna
gutted weight and weights of all six prey groups. Note that in panel B the
y-axis is shown with log10 scaling to improve visualization of the data although
the regression was performed on untransformed data. Prey lengths and
weights are reconstructed estimates based on known relationship of hard
body part and body weights/lengths for each prey species where equations
are available (see text for further clarification). Regression lines shown on the
panels correspond to quantile regression lines estimated for the 10, 50, and
90th percentiles of the consumed prey size distributions. Full statistical results
for quantile and ordinary least squares regression analyses for these data are
shown in Annex 4.

0.001) and sampling year (p < 0.05) as independent variables,
explaining 3.0% of the deviance (Table 6).

GLM analyses of the weight of barracudinas in the ABFT
stomachs showed that presence of this species in the ABFT diet
was best explained by sampling year (n.s.) and Julian date (p <
0.001) however the model explained only 3% of the deviance
in the data (Table 5). The best model in the second step of the
analyses included ABFT fork length, Julian date as independent
variables, and interaction between the two variables (P < 0.05).
Neither variable showed significant effect and the overall model
only explained 2.0% of the deviance in the data (Table 6).

DISCUSSION

This study revealed a generalistic feeding behavior of ABFT
during the autumn migration in the Iceland Basin. The prey
composition indicates that the main feeding occurs in the
mesopelagic layer at 200-400 m depth. The diet consists of prey
of a wide size range and large variety of species, although most of
the diet was dominated by a few key species. The results showed
little spatial variation in the diet within the study area or temporal
variation within the feeding season (1998) or between years of
lower (1999) and higher (1998) ABFT CPUE.

Overall Diet Composition

The overall probability of occurrence of prey in the ABFT
stomachs was 86%, which is consistent with previous studies on
large ABFT in the North Atlantic [(81% off the coast of North
Carolina, U.S.A (Butler et al., 2010); 91% in the Strait of Messina,
central Mediterranean Sea (Battaglia et al., 2013), and somewhat
higher than in some other areas e.g., 39% in the Levantine Sea,
east Mediterranean Sea (Karakulak et al., 2009) and 35 and 69%
reported off the east U.S. coast (Dragovich, 1970; Chase, 2002)].
Comparison of emptiness between studies may be somewhat
ambiguous. Some of the between-region variability could be
due to differences in post-capture survival time of the tunas
before samples are taken e.g., in longline and trap fisheries. The
dietary weight relative to ABFT weight had mean and median
values of ca. 1%, which is similar to, or slightly higher than that
found for ABFT in other regions (e.g., shelf waters near North
Carolina: Butler et al., 2010; New England/Gulf of Maine: Crane,
1936; Chase, 2002) and similar to some other large migratory
fish species in the northwest Atlantic (swordfish Xiphias gladius:
Stillwell and Kohler, 1985).

The diet of the ABFT in the Iceland Basin in the present study
was dominated by mesopelagic squid and fishes followed by krill
and other crustaceans. The results are consistent with previous
studies in the North Atlantic positioning large ABFT as a
generalist predator feeding on a variety of fishes, cephalopods and
crustaceans (Crane, 1936; Dragovich, 1970; Matthews et al., 1977;
Holliday, 1978; Tiews, 1978; Chase, 2002; Karakulak et al., 2009;
Battaglia et al., 2013). The results from the Iceland Basin differ
however from studies on similarly sized ABFT from summer and
autumn feeding areas in neritic zones in the North Atlantic where
the diet consisted mainly of sublittoral and epipelagic species
(e.g., sand lance, Atlantic menhaden, anchovy, herring, mackerel,
and bullet tuna) (Crane, 1936; Dragovich, 1970; Matthews et al.,
1977; Tiews, 1978; Chase, 2002; Butler et al., 2010; Battaglia
et al.,, 2013). These differences reflect different oceanographic
conditions, and consequently biogeographic distributions of
potential prey species, in the neritic zones compared with
conditions and distributions in the Iceland Basin where depth
exceeds 1000 m (Malmberg, 2004) and in other offshore areas
where mesopelagic fishes and squid species have been reported as
larger component of the ABFT diet (Dragovich, 1970; Matthews
etal,, 1977; Karakulak et al., 2009). Information on diving profiles
from archival tagging studies on ABFT have shown different
feeding behavior in coastal and offshore areas (Wilson and Block,
2009). Diving patterns related to feeding activities in coastal
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TABLE 4 | Summary of the variables of the best GLMM models (with stomach sample as random effect), in terms of AIC, for the reconstructed body
lengths of important Atlantic bluefin tuna Thunnus thynnus prey species (European flying squid Todarodes sagittatus, gonate squid Gonatus sp.,
barracudinas, squarenose helmetfish Scopelogadus beanii, Kroyer’s lanternfish Notoscopelus kroeyeri, Mueller’s bristlemouth fish Maurolicus muelleri).

Estimate Standard error Z-value Lower C.l. (2.5%) Upper C.I. (97.5%) Pr (>|2])
EUROPEAN FLYING SQUID (N = 2217); (ABFT SAMPLES N = 354)
(Intercept) 145.163 31.541 4.60 83.407 206.878 <0.001
ABFT length 0.419 0.107 3.90 0.209 0.629 <0.001
Longitude 3.507 1.276 2.75 1.011 6.008 <0.01
Year 0.642 11.964 0.05 —22.739 24.023 0.957
x2 20.8
a.f. 3
P <0.001
Pseudo-R2:
marginal 0.028
conditional 0.309
GONATE SQUID (N = 1682); (ABFT SAMPLES N = 313)
(Intercept) —262.433 168.149 —1.56 —590.234 65.203 0.123
ABFT length 0.155 0.062 2.49 0.034 0.277 0.0127
Julian date —-0.316 0.068 —4.61 —0.449 —0.182 <0.001
Latitude 7.258 2.663 2.73 2.070 12.449 0.0064
Longitude 2.450 0.756 3.24 0.976 3.924 0.0012
x2 39.499
atf. 4
P <0.001
Pseudo-R2:
Marginal 0.065
Conditional 0.334
BARRACUDINAS (N = 5893); (ABFT SAMPLES N = 315)
(Intercept) 1.03x104 1.7x10% 0.603 —2.3x10% 4.4x10% 0.529
Latitude 5.753 3.664 1.57 —1.385 12.895 0.1164
Julian date —0.644 0.087 —7.37 -0.815 —0.473 <0.001
Year -5.112 8.505 —0.60 —20.169 11.478 0.548
x2 54.428
atf. 3
P <0.001
Pseudo-R2:
Marginal 0.053
Conditional 0.284
SQUARENOSE HELMETFISH (N = 450); (ABFT SAMPLES N = 162)
(Intercept) —148.947 148.845 —1.00 —440.261 144.242 0.278
Latitude 3.887 2.425 1.603 —0.889 8.633 0.109
x2 2,567
atf. 1
P 0.1091
Pseudo-R2:
Marginal 0.012
Conditional 0.315
KROYER'’S LANTERNFISH (N = 137); (ABFT SAMPLES N = 37)
(Intercept) 4.20x104 2.29x104 1.832 —2.211x10% 8.6086x 104 0.073
Longitude —0.548 2.092 —0.262 —4.576 3.472 0.793
Year —20.961 11.472 —1.827 —43.038 1.164 0.068
x2 3.478
atf. 2
P 0.1757

(Continued)
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TABLE 4 | Continued

Estimate Standard error Z-value Lower C.l. (2.5%) Upper C.I. (97.5%) Pr (>|2])
Pseudo-R2:
Marginal 0.141
Conditional 0.585
MUELLER’S BRISTLEMOUTH FISH (N = 328); (ABFT SAMPLES N = 75)
(Intercept) 1.01x10% 1.35x10% 0.752 —1.60x10% 3.62x10% 0.454
ABFT length —0.035 0.041 —0.841 —-0.115 0.045 0.40
Julian —-0.176 0.041 —4.278 —0.256 —0.096 <0.001
Year —5.023 6.743 —0.745 —18.061 8.032 0.456
%2 17.574
a.f. 3
P <0.001
Pseudo-R2:
Marginal 0.134
Conditional 0.578

The intercept value represents the model fit when all numerical explanatory variables take on the value zero and the factor explanatory variable (year) is set to base case (1999). The z-value
and the corresponding p value represent the results from a Wald'’s test for a single parameter difference from zero (numbers) and difference from base case (factors). N represents the
number of prey and stomach samples used in the model analyses. Psuedo-R2 —marginal denotes variance explained by fixed factors and psuedo-R? —conditional variance explained

by fixed and random factors.

areas was usually shallower (50-150 m) and with frequent surface
returns. Feeding dives in offshore area near Florida and Bahamas
showed deeper dives and with longer duration (Wilson and
Block, 2009). Unpublished data from the Wilson and Block
(2009) study showed both types of feeding dives in the Iceland
Basin indicating that the tuna may feed in the upper layers as well
as at larger depths (Wilson and Block, unpublished data).

The feeding migration of ABFT to northern areas is believed
to have evolved partly to enable the species to forage on energy-
rich prey species (Cury et al.,, 1998; Block and Stevens, 2001).
Bluefin tuna possess an efficient thermoregulatory ability that
allows an otherwise temperate-tropical species to inhabit boreal-
temperate waters for several months each year (Block and
Stevens, 2001), and allows a higher power output of swimming
muscles (Block et al., 2001). These behavioral and physiological
adapatations are rare among marine fishes (Cury et al., 1998;
Block and Stevens, 2001). Given the long distance between
spawning and foraging areas, it is therefore relevant to evaluate
how large the energy content of the dominant prey species in
the Iceland Basin was in comparison to that of other common
bluefin tuna prey in foraging areas, particularly given that this
region is one of the remotest from spawning areas among bluefin
tuna foraging sites.

For the three main species that dominated ABFT diets, lipid,
and energy content information is scarce and based on limited
sampling. For example, the lipid content of European flying
squid was estimated to be <1% of wet weight, based on three
individuals from the Adriatic Sea (Perugini et al., 2006); its energy
density was estimated to be 3.8 kJ/g (Asgard, 1987), and therefore
considered to be similar to that of lean fish. Squids belonging
to Gonatus sp. have a lipid content of 10.9% (wet weight basis),
which is moderate and nearly as high as herring (13.7%; Lawson
et al., 1998); Gonatus energy content (6.9 kJ/g wet weight) is
higher than that of mackerel (6.0), but lower than herring (9.4;

Steimle and Terranova, 1985; Lawson et al., 1998). The dominant
fish species group preyed on by ABFT in the Iceland Basin was
barracudinas and other mesopelagic fish. There are few studies of
the energy content of this species, but one study based on one
sampling event off Cape Breton, Nova Scotia, Canada showed
that its lipid content was 17% by wet weight (Ackman et al,
1972). This amount is considerably higher than the lipid content
of other prey species consumed by ABFT and considered to be
lipid-rich (Steimle and Terranova, 1985; Lawson et al., 1998;
Litzow et al., 2006). The lipid content of other mesopleagic fish
in this region is not known but in other regions, mesopelagic
fish are known to have relatively high lipid levels (e.g., 15-
25%; Saito and Murata, 1998). The limited lipid and energy
density information suggests that ABFT fed on a diet comprising
both lipid-rich and -poor species (respectively, barracudinas and
squids) in 1998-99. However, new measurements of the lipid
and energy content of the dominant prey species in this region
are necessary to confirm these preliminary interpretations, and
to address the energetic benefits and costs of migration to this
region (Chapman et al., 2011). Such information could be used to
improve parameterisations of advanced migratory behavior and
habitat use models (Mariani et al., 2015; Druon et al., 2016).

Predator to Prey Size Relationship

The size of ABFT prey in this study ranged from small
invertebrates and fishes to 56 cm barracudinas. Significant
predator to prey length relationships as detected by for example
quantile regression were observed for European flying squid,
gonate squid prey, barracudinas and squarenose helmetfish and
the aggregation of the six most important species considered
collectively, but the variation explained was low (<5%). This
result indicates that other factors have important effects on the
size of prey consumed by ABFT, such as for example the relative
abundance and spatial distributions of different potential prey
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TABLE 5 | Summary of the best GLM models in terms of AIC, for presence/absence of any prey in Atlantic bluefin tuna Thunnus thynnus stomachs (N =
2398) and for presence/absence of three most important prey species in tuna stomach samples containing prey (N = 421; European flying squid

Todarodes sagittatus, gonate squid Gonatus sp., barracudinas).

Estimate Standard Error Z-value Lower C.l. (2.5%) Upper C.I. (97.5%) P
PRESENCE OF ANY PREY (N = 2398)
(Intercept) —14.502 5.4246 —2.673 —25.097 —3.821 0.0075
Year1999 0.5928 0.1603 3.699 0.281 0.911 <0.001
Latitude 0.2641 0.0884 2.986 0.090 0.437 0.0028
x2 15.332
atf. 2
P <0.001
Pseudo-R2 adjusted 0.007
PRESENCE OF EUROPEAN FLYING SQUID (N = 421)
(Intercept) —3.8108 1.8939 —2.012 —75734 —0.1169 0.0442
ABFT length 0.0150 0.0052 2.910 0.0049 0.0252 0.0036
Julian 0.0058 1.829 —0.0007 0.0222 0.0674
%2 10.76
a.tf. 2
D 0.0046
Pseudo-R2 adjusted 0.028
PRESENCE OF GONATE SQUID (N = 421)
(Intercept) —8.8001 2.4149 —3.644 —13.6784 —4.2010 <0.001
Julian 0.0195 0.0055 3.549 0.0090 0.0305 <0.001
ABFT fork length 0.0132 0.0043 3.076 0.0049 0.0217 0.0021
Longitude —0.1220 0.0600 —2.035 —0.2427 —0.0073 0.0418
x2 21.883
a.tf. 3
o <0.001
Pseudo-R? adjusted 0.039
PRESENCE OF BARRACUDINAS (N = 421)
(Intercept) —3.0536 1.2344 —2.474 —5.487 —0.638 0.0134
Julian 0.0165 0.0049 3.392 0.007 0.026 <0.001
Year1999 0.6761 0.4616 1.465 —0.182 1.651 0.1430
x2 11.934
atf. 2
o 0.0026
Pseudo-R? adjusted 0.021

The intercept value represent the model fit when all numerical variables take on the value O and the factor explanatory variable (year) is set to base case (1999). The z-value and the
corresponding p value represent the results from a Wald's test for a single parameter difference from zero (numbers) and difference from base case (factors). N represents the number
of stomach samples in each model analyses. Pseudo R? adjusted is the amount of deviance accounted for in the model adjusted for number of observations and number of model

parameters.

species. The largest average and maximum prey lengths were
observed for barracudinas but also for this species group, whose
sample size was also largest, the level of explained variation in the
prey-predator length relationship was low (<1%). On the other
hand, the squarenose helmetfish with an overall size range of 93—
267 mm decreased significantly in length with increased ABFT
length. Previous studies on adult ABFT diet from the NE Atlantic
have also reported a wide overall range of prey sizes [off New
England coast: 104-273 mm (Chase, 2002); off eastern US coast,
north of Bermuda to Azores: 30-800 mm (Matthews et al., 1977)].
A significant predator to prey relationship was observed for sand
lance and mackerel off New England (Chase, 2002).

The quantile regression analyses showed that the extremes
of the consumed prey size distributions (i.e., 10th or 90th
percentiles) changed at different rates than the medians, at
least for some individual prey species (e.g., European flying
squid, barracudinas; Annex 3). These patterns indicate that
the overall range of prey sizes consumed by ABFT changes
with ABFT size. It is however not possible in this study to
resolve whether these patterns reflect a true change in feeding
behavior or preference for different prey sizes by the tuna at
different sizes, or a difference in abundance of, or encounter
with (e.g., via diving), differently sized prey for small and large
tunas.
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TABLE 6 | Summary of the best GLM model in terms of AIC, for total weight of all prey in Atlantic bluefin tuna Thunnus thynnus stomachs containing prey
(N = 421) and weight of three most important prey species in tuna stomachs containing the analyzed prey (European flying squid Todarodes sagittatus

(N = 366), gonate squid Gonatus sp. (N = 316), barracudinas (N = 322).

Estimate Standard Error t Lower C.l. (2.5%) Upper C.I. (97.5%) P
ALL PREY (N = 421)
(Intercept) 5.0196 0.4491 11.178 41267 5.9405 <0.001
ABFT fork length 0.0124 0.0022 5.664 0.0079 0.0168 <0.001
F 28.994
a.f. 1
e <0.001
Pseudo-R2 adjusted 0.056
EUROPEAN FLYING SQUID (N = 366)
(Intercept) 5.4555 1.1199 4.871 3.3236 7.6060 <0.001
ABFT fork length 0.0118 0.0032 3.719 0.0055 0.0178 <0.001
Julian —0.0032 0.0033 —0.960 —0.0096 0.0031 0.3377
F 7.4819
a.tf. 2
o <0.001
Pseudo-R? adjusted 0.056
GONATE SQUID (N = 316)
(Intercept) 3.2308 0.5412 5.970 2.1438 4.3482 <0.001
ABFT fork length 0.0088 0.0026 3.362 0.0034 0.0141 <0.001
Year —0.4955 0.2603 —1.903 —0.9713 0.0547 0.0579
F 6.6373
a.tf. 2
o 0.0015
Pseudo-R? adjusted 0.030
BARRACUDINAS (N = 322)
(Intercept) —6.0613 6.5459 —0.926 —1.8824 6.7512 0.3552
ABFT fork length 0.0541 0.0317 1.709 —7.1754 1.1595 0.0884
Julian 0.0427 0.0249 1.710 —6.6614 9.2065 0.0882
Fork length:Julian —0.0002 0.0001 —1.471 41727 5.9120 0.1422
F 4.0496
af. 3
o 0.0076
Pseudo-R? adjusted 0.020

The intercept value represents the model fit when all numerical explanatory variables take on the value zero and the factor explanatory variable (year) is set to base case (1999). The
t-value and the corresponding p value represent the results from a Wald'’s test for a single parameter difference from zero (numbers) and difference from base case (factors). N represents
the number of stomach samples in each model analyses. Pseudo R? adjusted denotes the amount of deviance accounted for in the model adjusted for number of observations and

number of model parameters.

The weak predator-prey size relationships we observed
demonstrates that ABFT is a generalistic consumer and that
the length and weight distributions observed in the diet may
be more strongly affected by spatial or temporal changes in the
distribution and availability of different prey sizes rather than a
strong preference by ABFT for prey of specific sizes. For example,
now that mackerel have become more common in Icelandic
and east Greenland waters in the last 5-10 years and that these
mackerel are primarily adults (ca. 19-40 cm long) (Astthorsson
et al,, 2012; Jansen et al., 2016; Olafsdottir et al., 2016), they
may become an important prey in bluefin tuna diets in this
region, as they are in other northern foraging regions (Tiews,
1978; Chase, 2002). Consequently the relative size composition of
bluefin tuna diets might shift to larger size groups. Consumption

of relatively large prey, if available in high concentrations, may
confer energetic advantages, relative to smaller prey and could
help ABFT achieve high body condition (Golet et al., 2015). New
studies are needed to assess how these dietary patterns affect
other aspects of ABFT ecology in the region.

Main Prey Species of ABFT in the Iceland

Basin

European flying squid was the most important prey species
for ABFT in the Iceland Basin in terms of frequency of
occurrence and weight. The model analyses showed that total
weights and individual lengths of the European flying squid in
ABFT stomachs were significantly related to predator size. The
European flying squid lengths in stomachs also co-varied with
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longitude which may suggest spatial variations in the distribution
of the squid. All size classes of the squid reported previously
in the autumn from the areas southwest of Iceland and west of
Scotland and Ireland were present in the ABFT diet (Jonsson,
1998; Lordan et al., 2001). However, the distribution of European
flying squid is stratified in the water column by length, and
squid larger than 250 mm, which were rare in the ABFT diet,
are most frequent below 400 m west of Scotland and Ireland
(Lordan et al., 2001). Ontogenic horizontal or vertical migration
of European flying squid is known from western European waters
in the autumn where smaller squid migrate into shallow waters
presumably to feed (Lordan et al., 2001). The observed increase
in the mantle lengths of European flying squid from western to
eastern longitudes in the present study may be caused by shifts
in distribution in relation to these migrations (Jonsson, 1998;
Lordan et al., 2001).

Autumn migrations of European flying squid into shallow
waters south of Iceland have been sporadic and irregular in the
past (Jonsson, 1980, 1998). Fluctuations in historical catches in
the waters west of Scotland are also known and are presumably
caused by ecological or environmental factors rather than
overfishing (Lordan et al., 2001). The immense importance of
the European flying squid in the ABFT diet in the ocean south of
Iceland observed in the present study may lead to the conjecture
that ABFT autumn feeding migration into the area may to
some extent be affected by the abundance of European flying
squid.

Gonate squid was an important component of the diet in
the Iceland Basin. The gonate squid in the ABFT diet probably
consist of two sympatric species with overlapping distribution
in the waters south of Iceland. These are the Arctic and
subarctic species Boreoatlantic gonte squid (Gonatus fabricii)
and the temperate species Atlantic gonate squid (G. steenstrupi;
Kristensen, 1981; Bjorke, 2001). The biology and ecology of
the species are similar. The larvae and juvenile squid are
found in the epipelagic zone but the squid submerge to deeper
waters when reaching mantle lengths of approximately 50-70
mm. Larger gonate squid may be found near the surface at
night but are mainly distributed at depths below 200m and
into the bathypelagic zone (Kristensen, 1981; Bjorke, 2001;
Hastie et al., 2009). The size distribution in the ABFT diet
consists of medium sized squid but the smallest and largest
length groups were rare. This size range in the ABFT stomachs
suggests that foraging on gonate squids mainly takes place below
200 m.

Total weights of gonate squid in ABFT stomachs and
individual mantle lengths in the diet were affected by ABFT
length according to the GLM and GLMM analyses, respectively.
Gonate squid lengths were also affected by other factors and
decreased slightly throughout the season but increased from
south to north and from west to east. These effects suggest
temporal and geographical or vertical shifts in the distribution
of gonate squid in the area. More information on the biology and
distribution of gonate squid species in the area is necessary to
interpret their importance in the ABFT diet.

Barracudinas were the most important fish species or group
in the ABFT diet in the Iceland Basin. The total weight of

barracudinas in stomachs did not show any clear pattern but
its presence in ABFT stomachs was significantly associated with
Julian date in the GLM analyses showing increased occurrence
throughout the sampling period. Simultaneously the fish lengths
of barracudinas decreased. These results are difficult to interpret
without proper species identification of baracudina species in the
diet and better information on the distribution of the species in
the area.

Three barracudina species are found in mesopelagic and
bathipelagic zones in offshore waters south of Iceland. White
barracudina (Arctozenus risso), reaches 30 cm and is mainly
distributed at 200-1000 m. Atlantic barracudina (Magnisudis
atlantica), reaches 56 cm and is mainly distributed at 50-2000 m
and lancetfish (Paralepis coreogonoides), reaches 50 cm and is
distributed from 50m to below 1000 m (Jonsson et al., 2006).
White barracudina is the most abundant barracudina species
caught in mesopelagic trawls in the Irminger Sea (Magnusson,
1996; Sigurdsson et al., 2002). The length distribution reported
from the catches in the Irminger Sea also resembles the size
distribution in the ABFT diet in the present study, giving further
indications that the barracudina species in the ABFT diet south
of Iceland belongs to white barracudina. However, possibility
of selectivity of the fishing gear or seasonal difference in the
distribution of barracudinas cannot be excluded as the trawl
surveys were conducted in June to July (i.e., 2-4 months before
the tuna were caught).

Caveats and Potential Biases of Stomach

Content Data

Several factors which may affect prey sample collection and
analyses must be considered when interpreting stomach content
results and prey size data based on reconstructed estimations
(for review see Pierce and Boyle, 1991). The long soaking time
of the fishing gear in the present study and possible post-
entanglement survival of the tunas and relatively fast digestion
in tunas (Carey et al., 1984; Dickson and Graham, 2004; Graham
and Dickson, 2004; Blank et al., 2007) may have resulted in
underestimation of the occurrence of fast digested prey such
as small invertebrates and fish with small otoliths compared to
larger prey with slowly digested hard particles. For the same
reason: ie., relatively high digestion level of the prey it was
considered more feasible to use reconstructed prey sizes rather
than direct size measurements in the data analyses. Application
of reconstructed prey sizes may have its disadvantages as some
hard parts such as squid beaks and otoliths may accumulate
in the predators’ stomachs (Bowen, 2000; see reviews in Pierce
and Boyle, 1991). Prey sample contents may therefore represent
longer consumption than the last meal and the prey with the
slowest turnover rate in the stomachs will be overestimated.
Another underestimation bias may occur in the frequency of
weight for prey where wet weight was used in the absence of
equations for estimation of reconstructed sizes. This probably
had most effects on the estimation of Greenland argentine leading
to overall underestimation of its importance in the ABFT diet.
The fish was found in 26% of the stomach samples but was
estimated below 5% of the frequency of weight.
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Feeding Niche of ABFT in the Iceland Basin

Ecosystem

Here, we have found that ABFT diets were dominated by a
relatively small number of species, which primarily are associated
with mesopelagic habitat. The prey consumed by bluefin tuna in
this region is assumed to some extent to reflect the availability
of species and sizes in their surrounding habitat. However,
information on the ecosystem and the trophic interactions in the
Iceland Basin is still limited. A series of trawl and acoustic surveys
targeting pelagic redfish (Sebastes mentella) in the Irminger Sea
southwest of Iceland that is separated from the Iceland Basin
by the Reykjanes ridge (Figure 1), may give an indication of the
mesopelagic and bathypelagic fishes in the adjacent Iceland Basin
(Magnusson, 1996; Sigurdsson et al., 2002; Lamhauge et al., 2008;
ICES, 2013). This information should however be viewed with
precautions when concluding on the ecosystem in the Iceland
Basin. The oceanography of the basins differs and studies have
shown lower biomass and deeper vertical distributions on the
eastern side of the Reykjanes ridge than on the western side
(Sutton and Sigurdsson, 2008).

Acoustic surveys in the Irminger Sea show a horizontal layer
of echo sounding scatter from fish swim bladders, called the
deep scattering layer (DSL), in the mesopelagic zone. Seasonal
changes in the depth of the DSL have been observed as well as
extensive diurnal vertical movements. The upper border of the
layer at daytime ranges from about 500 m in June/July to about
400 m in September and the lower border extends to 600-700 m
depths. At dusk part of the DSL ascends toward the epipelagic
zone and remains there until dawn (Magnusson, 1996; Reynisson
and Sigurdsson, 1996; ICES, 2013).

Results from trawl surveys in the Irminger Sea show some
similarities in species composition of the DSL in the Irminger
Sea and the ABFT diet in the Iceland Basin. High abundance of
squid and lanternfishes (Mytophydae) in the trawls is consistent
with the results of ABFT diet in the present study (Magnusson,
1996; Sigurdsson et al., 2002). Furthermore, Magnusson (1996)
observed a large abundance of white barracudina (Notolepis
rissoi = Arctozenus risso) in surveys from 1993-1995 that may
resemble the unidentified barracudinas in the ABFT diet. The
trawl surveys have shown some changes in species composition
with depth and many species with the highest abundance at
depths below 500 m were rare or absent in the ABFT diet, e.g.,
viperfish (Chauliodus sloani), rakery beakonlamp (Lampanyctus
macdonaldi), sawtooth snipe cat (Serrivomer beanie), Goiter
blacksmelt (Bathylagus euryops), boa dragonfish (Stomias boa
ferox), and crested bigscale (Poromitra crassiceps) (Magnusson,
1996; Sigurdsson et al.,, 2002). This may give indications that
ABFT feed in the upper layers of the DSL.

Studies from the Norwegian Sea and off Great Britain show
large abundances of Miiller’s bristlemouth fish and Kroyer’s
lantern fish which is in agreement with the present study
(Gjosaeter and Kawaguchi, 1980). Large abundance of glacier
lanternfish in many areas of the NE-Atlantic are on the
other hand not reflected in the ABFT diet in the present
study (Gjeseter and Kawaguchi, 1980; Sutton and Sigurdsson,
2008).

Studies of ABFT migration and diving patterns using archival
tagging and ultrasonic telemetry have shown that ABFT may
sustain temperature as low as 3°C and as high as 30°C (Block
et al., 2001) and that ABFT frequently dive to depth of 500 to
1000 m (Lutcavage et al., 2000; Brill et al., 2002; Block et al., 2005;
Walli et al., 2009; Wilson and Block, 2009). Unpublished data
from an ABFT tagged as 205cm in January 2003, entering the
Iceland Basin in August to September in 2003 and 2004 showed
frequent feeding dives to depths as deep as 300-400 m (Wilson
and Block, unpublished data).

Comparisons of the archival tag diving information, species
and size distribution of ABFT prey and information on the
zooplankton in the Iceland Basin indicate that the ABFT in
the area feeds during daytime at depths above 300-400 m. The
species composition of the diet shows that the ABFT does not
feed below the mesopelagic layer. The size distribution of the prey
and information from archival tags indicate that ABFT feeds as
deep as the upper border of the DSL. It is not known to what
extent the diving behavior of ABFT is affected by physiological
constraints. Low temperature and high energetic cost of diving
to large depths are plausible factors limiting the diving range
(Dickson and Graham, 2004; Graham and Dickson, 2004).

ABFT Feeding in Changing Environment in

Northern Regions

Oceanographic conditions are changing in the North Atlantic,
and the biogeographic distributions of living organisms will also
likely change. Rapid changes in the distribution of fishes observed
in the neritic and epipelagic regions of NE-Atlantic in the past
decades have been explained by climate changes (Astthorsson
and Pélsson, 2006; Astthorsson et al., 2012). The most prominent
change observed in the waters off Iceland in recent years is the
large migration of Atlantic mackerel in the summer and early
autumn (Astthorsson and Pélsson, 2006; Oskarsson et al., 2012;
Jansen et al., 2016). It is, however, unclear how and whether
the distribution and abundance of the mesopelagic species that
comprised ABFT diets in our study have changed in the last two
decades or if Atlantic mackerel has become prominent in the
ABFT diet in the area since our study.

If mesopelagic oceanographic conditions respond to climate
change at similar rates as pelagic conditions, then any newly
immigrating ABFT to the region would probably have a different
and more diverse menu of prey species in the area than
was present during our study. New dietary studies should
be conducted to investigate how the trophic role of ABFT
might change due to changes in the prey community, and the
consequences of such changes for ABFT growth and fat content
(Golet et al., 2007; Goni and Arrizabalaga, 2010). Further, studies
should also aim to explore ABFT’s ability to adapt to changes in
vertical distribution of the prey species and possible physiological
constraints limiting ABFTS’ ability to exploit the preferred depths
e.g., thermoregulation and energetics which may vary by ABFT
size and body condition (Dickson and Graham, 2004; Graham
and Dickson, 2004).

It is likely that ABFT has re-entered the Iceland Basin region
after a period of low abundance in the preceding 10-12 years.
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Iceland (and Norway) had commercial fishing quotas for the
species in their waters in 2014 and 2015 (Nora Region Trends,
2014; UndercurrentNews, 2014; Iceland Review, 2015), and
the species may have traversed the region on the way to the
Denmark Strait where it was captured in the summers of 2012
(MacKenzie et al., 2014) and 2014 (Government of Greenland,
2014). Further, monitoring and understanding of the dynamics
of the mesopelagic and pelagic ecosystem in northern regions
would strengthen the understanding of factors affecting the
migration and distribution of ABFT at northern feeding grounds,
the feeding preferences and trophic role of ABFT in these food
webs and the impact of this feeding on ABFT growth and fat
content.
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