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Diet and resource use among Greenland sharks
(Somniosus microcephalus) and teleosts sampled
in Icelandic waters, using 813C, §'°N, and mercury

Bailey C. McMeans, Jorundur Svavarsson, Susan Dennard, and Aaron T. Fisk

Abstract: Stable carbon (8!3C) and nitrogen (8!°N) isotopes and total mercury (Hg) were used to investigate diet and re-
source use among Greenland sharks (Somniosus microcephalus) and 14 teleosts inhabiting Icelandic waters. Greenland
shark stomachs contained 11 of the teleosts sampled, along with other fishes and marine mammal tissues. Teleost resource
use ranged from pelagic (e.g., Argentina silus) to benthic (e.g., Anarhichas lupus) based on §'3C, and relative trophic posi-
tions (TP, based on §"°N) ranged from 3.0 (Mallotus villosus) to 3.8 (e.g., Brosme brosme). Greenland shark 8'3C indicated
feeding on benthic and pelagic resources, with a high input of pelagic carbon, and $°N indicated a relative TP of 4.3.
Log[Hg] increased with 8N (i.e., TP) from teleosts to Greenland sharks and was higher in offshore vs. inshore teleosts.
Linear regressions revealed that log[Hg] was better described by both §'°N and 3'3C-assigned resource use than by 8N
alone. Hg was useful for supporting the TPs suggested by 3'°N, and the higher Hg in offshore fishes could help explain
the high Hg of Greenland sharks. Results from this study demonstrated the potential use of Hg as a dietary tracer in ma-
rine fishes.

Résumé : Les isotopes stables de carbone (8'3C) et d’azote (3'°N) et le mercure total (Hg) nous ont servi a étudier le ré-
gime alimentaire et 1’utilisation des ressources chez la laimargue atlantique (Somniosus microcephalus) et 14 téléostéens
habitant les eaux islandaises. Les estomacs de laimargues atlantiques contenaient 11 des téléostéens échantillonnés, ainsi
que des tissus d’autres poissons et de mammiféres marins. L’utilisation de la ressource de téléostéens comprenait des pois-
sons de pélagiques (par ex., Argentina silus) a benthiques (par ex., Anarhichas lupus) d’aprés 3'3C et leurs positions tro-
phiques relatives (TP, basée sur '°N) variaient de 3,0 (Mallotus villosus) a 3,8 (par ex., Brosme brosme). Le 3'3C des
laimargues atlantiques indique qu’elles se nourrissent de ressources benthiques et pélagiques, avec un apport élevé de car-
bone pélagique et leur 33N indique une TP relative de 4,3. Log[Hg] augmente en fonction de 8"°N (c’est-a-dire la TP) des
téléostéens aux laimargues atlantiques et est plus €levé chez les téléostéens du large que chez ceux de la cote. Des régres-

sions linéaires montrent que log[Hg] est mieux décrit par I’utilisation des ressources assignées a la fois par 8"°N et §13C
que par 8N seul. Le Hg est utile pour appuyer les TP indiquées par 8'°N et les concentrations plus élevées de Hg dans
les poissons du large pourraient aider a expliquer les fortes concentrations de Hg dans les laimargues atlantiques. Les ré-
sultats de notre étude démontrent 1’utilité potentielle de Hg comme traceur alimentaire chez les poissons marins.

[Traduit par la Rédaction]

Introduction

Knowledge concerning the diet of marine fish is impor-
tant for understanding energy and contaminant flow among
predators and prey and for an ecosystem-based approach to
fisheries management. Stable isotopes of carbon (8!3C) and
nitrogen (3!5N) are frequently used in ecological studies be-
cause they can provide information about resource use (e.g.,
benthic vs. pelagic feeding) and trophic position (TP) of ma-
rine fish, respectively (Davenport and Bax 2002; Fisk et al.
2002; Sherwood and Rose 2005). The application of 813C
and 35N has increased understanding of marine food web
structure, although several issues can confound their inter-
pretation. For example, overlapping 8'3C values among con-

sumers can prevent the differentiation of feeding behaviors
(Davenport and Bax 2002; Cai et al. 2007), and spatial vari-
ability in 8!13C and 85N can result in erroneous identification
of resource use and TP (Vander Zanden and Rasmussen
1999). For the latter issue, adequate sampling of baseline or-
ganisms can account for spatial variability in §!3C and 35N
(Vander Zanden and Rasmussen 1999; Post 2002). However,
the former issue remains troublesome, especially in mobile,
upper TP consumers that use multiple resources (Cai et al.
2007).

The combination of certain contaminants with §'3C and
35N values can provide additional information about the
diet of fish (Fisk et al. 2002; Bank et al. 2007). Mercury
(Hg), for example, is predominantly driven by diet in fish
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(Harris and Bodaly 1998), increases with TP (indicated by
315N; Kidd et al. 1995), and can differ among fish that use
different resources (indicated by 3!3C; Power et al. 2002). If
Hg differs among fish that feed on different resources and
(or) at a higher TP as suggested by previous studies, then
Hg could be useful for providing additional information
about the diet of marine fish. For example, higher Hg in
grey snapper (Lutjanus griseus) vs. red snapper (Lutjanus
campechanus) sampled from the Gulf of Mexico was used
to indicate that grey snapper fed on more pelagic prey and
at a slightly higher TP — a contention that was supported
by previous diet data (Bank et al. 2007). Although variables
other than diet (e.g., length, age, and activity costs) can in-
fluence fish Hg concentrations (e.g., Trudel and Rasmussen
2006), the ability of Hg to separate fishes based on TP and
resource use indicates the potential of Hg as a tracer in eco-
logical studies.

The marine environment surrounding Iceland supports
several species of commercially important fishes (e.g., At-
lantic cod, Gadus morhua), as well as the megafaunal verte-
brate the Greenland shark, Somniosus (Somniosus)
microcephalus. Greenland sharks are rarely included in food
web studies, and few data exist regarding their biology and
(or) ecology. Only one previous study has assessed the feed-
ing ecology of Greenland sharks using stable isotopes (Fisk
et al. 2002), and no study has investigated the diet of Green-
land sharks inhabiting Icelandic waters. The Icelandic fish-
ery presents an opportunity to sample both Greenland
sharks, which are incidentally caught as bycatch, and their
potential teleost prey for 813C and §!5N analysis. Identifying
important energy sources to Greenland sharks requires the
ability to differentiate resource use among their prey. How-
ever, some teleosts inhabiting Icelandic waters can use sim-
ilar resources based on previous stomach content (e.g.,
Jaworski and Ragnarsson 2006) and stable isotope data
(Sara et al. 2009). For example, a recent study reported that
Atlantic cod, haddock (Melanogrammus aeglefinus), saithe
(Pollachius virens), and ling (Molva molva) sampled in the
waters surrounding Iceland had similar 8'3C values (Sara et
al. 2009). Hg could be useful for more clearly characterizing
the feeding behavior of Greenland sharks and their potential
teleost prey in Icelandic waters. The objective of this study
was to identify resource use (i.e., benthic vs. pelagic feed-
ing) and TPs among Greenland sharks and 14 teleost species
sampled from Icelandic waters using 3'3C, 8!°N, and Hg.
Greenland shark stomach contents were also identified and
used to calculate species-specific discrimination factors
(A3C and ABN).

Materials and methods

Sampling of Iceland fishes

Greenland sharks (n = 22; 3 males, 19 females) were col-
lected during November 2001 — August 2005 as bycatch via
longline or trawl net in Icelandic waters (Fig. 1) and were
measured for total length (TL) (Table 1). Approximately
6 g of muscle from under each shark’s first dorsal fin (n =
19; 3 males, 16 females) was sampled for 3!3C, §!°N, and
Hg analyses. Shark stomach contents were identified as
close to species level as possible, counted, and weighed
(wet weight) (Table 2).
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The remainder of species were collected as part of the
Icelandic fishery using fishing nets (for species names and
sampling depths, see Table 1), except for glacial eelpout
(Lycodes glacialis) and deepwater shrimp (Bythocaris leuco-
pis), which were sampled by an Agassiz trawl. All teleosts
were collected during August — November 2005, except for
capelin, glacial eelpout, and deepwater shrimp, which were
sampled during January — April 2007. Two groups of redfish
were sampled: (i) inshore redfish (Sebastes marinus) and (ii)
offshore redfish (Sebastes marinus (n = 3) and Sebastes
mentella (n = 3)). Because S. marinus and S. mentella are
closely related and have similar diets of pelagic zooplankton
(Jaworski and Ragnarsson 2006; Petursdottir et al. 2008), all
Sebastes spp. collected inshore were labeled as “inshore red-
fish” and all Sebastes spp. collected offshore were labeled
as “offshore redfish” (Fig. 1; Table 1). All fish were meas-
ured for TL (Table 1) and approximately 4 g of muscle from
the left flank (the left flank was arbitrarily chosen) of each
individual was sampled for §!3C, 815N, and Hg analyses. Be-
cause of their small size, capelin were analyzed whole.
Muscle of deepwater shrimp was sampled for stable isotope
and Hg analysis. Weights were not recorded because most
fish were gutted prior to sampling.

Teleosts were categorized into those sampled inshore (i.e.,
Atlantic cod, haddock, saithe, wolffish, European plaice,
lemon sole, and inshore redfish; sampling area depicted by
box on Fig. 1) and those sampled offshore (i.e., greater ar-
gentine, capelin, blue ling, ling, tusk, offshore redfish, and
glacial eelpout) (Fig. 1). Greenland sharks were predomi-
nantly collected offshore, although four individuals were
captured within 50 km of the Icelandic coast (Fig. 1).

Stable isotope analysis
Stable isotopes are expressed as delta (8) values using the
following equation:

(1) X = [(Rsample/Rslandal’d) — 1] x 1000

where X is N or 13C and R is the ratio 'N/!“N or 13C/!2C.
The isotope ratios are expressed relative to the international
standard PDB (Pee Dee Belemnite) and atmospheric N, for
carbon and nitrogen samples, respectively. For 3!3C and
315N analysis, muscle was subsampled into approximately
2 g batches, freeze-dried for 48 h, and then homogenized
using a ball mill grinder (SPEX CertiPrep 8000-D ball
milling unit, SPEX CertiPrep, Metuchen, New Jersey). Ca-
pelin were freeze-dried whole prior to homogenization and
then were subsampled. The presence of lipids in shark and
fish muscle samples can negatively skew observed 3!3C va-
lues (Post et al. 2007); thus, lipids were removed from all
samples prior to stable isotope analysis following a modified
method outlined by Bligh and Dyer (1959) as follows: 5 mL
of 2:1 chloroform—methanol was added to homogenized
samples, samples were vortexed for 30 s, allowed to sit for
24 h, and then centrifuged, and the solution was then dec-
anted through filter paper into preweighed aluminum trays
for gravimetric determination of lipids. Approximately 2 mg
of tissue was weighed into tin capsules, and 8'3C and 3N
were determined on a continuous-flow isotope ratio mass
spectrometer (Finnigan MAT DeltaP!us, Thermo Finnigan,
San Jose, California) coupled with an element analyzer
(Costech, Valencia, California). The precision of the isotopic
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Fig. 1. Sampling locations for invertebrates and fishes from Icelandic waters. The rectangle indicates the sampling area for the following
species: Atlantic wolffish, lemon sole, saithe, haddock, European plaice, Atlantic cod, and inshore redfish. Deepwater shrimp were sampled
in the same location as glacial eelpout. See Table 1 for species names.
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Table 1. Sample number (n), trophic position (TP), mean + 1 standard error (SE) of 8'"°N (%o), 8'3C (%o), total mercury (Hg) (ng-g~!, dry
weight), and length (cm), and sampling depth (m, provided as a range where necessary) for species sampled in Icelandic waters.

Hg (ng-g dry
Species n TP 8N (%0)  83C (%o)  weight™) Length (cm)  Depth (m)
Invertebrates
Deepwater shrimp, Bythocaris leucopis 6 2.0 13.5+0.1 -17.120.7 <DL 2002
Chondricthyes
Greenland shark, Somniosus microcephalus 19 4.3¢ 15.3+0.2 -17.8+0.3  5.93+0.59 415.6£25.2 73-740
Teleostei
Greater argentine, Argentina silus 6 3.2 10.8+0.3 -18.6x0.2  0.20+0.05 37.3+4.6 382
Capelin, Mallotus villosus 10 3.0 10.1+0.2 -19.9+0.1 <DL 14.4+1.0
Atlantic cod, Gadus morhua 5 3.7 11.8+0.2 -16.6+0.1  0.18+0.04 62.4+9.1 40
Haddock, Melanogrammus aeglefinus 7 3.6 11.6+0.1 -16.2+0.1  0.16x0.04 60.6+4.7 37
Saithe, Pollachius virens 11 34 11.0+£0.2 -16.7+£0.1  0.12+0.01 42.5+2.7 40
Tusk, Brosme brosme 6 3.8 12.7+0.4 -16.7+£0.1  1.70+0.09 38.4+13.9 373
Ling, Molva molva 6 3.6 12.0+0.2 -17.1+0.1  0.89+0.09 87.2+11.9 232
Blue ling, Molva dypteryia 5 3.8 13.0+0.1 -17.7+£0.1  0.94+0.19 79.0+£5.6 525
Atlantic wolffish, Anarhichas lupus 5 3.1 9.7+0.3 -15.2+0.1  0.39+0.06 51.6+2.7 110
European plaice, Pleuronectes platessa 6 3.2 10.2+0.4 -15.2+0.2  0.12+0.01 42.8+5.6 110
Lemon sole, Microstomus kitt 6 35 11.2+0.5 -15.4+0.1  0.25+0.08 32.0+£3.0 60
Redfish (inshore), Sebastes marinus 6 3.6 11.5+0.3 -16.7+0.3  0.37+0.07 36.3+2.2 40
Redfish (offshore), S. marinus and S. mentella 6 3.2 11.0+0.2 -19.2+0.2  0.72+0.17 35.5+4.7 275
Glacial eelpout, Lycodes frigidus 9 34 14.8+0.2 -19.3x03  1.21+0.13 40.8+7.2 1487-2108

Note: The TP of glacial eelpout was calculated using Bythocaris leucopis 8N as a baseline, and TPs of the remaining offshore and inshore species were
calculated using the 8'°N of Argentina silus (TPs in italic type) and Pleuronectes platessa (TPs in Roman type) as a baseline, respectively. Species with Hg
concentrations below detection limit are indicated by “<DL.”

“Species-specific AN of 4.0%o used in Greenland shark TP calculation, see eq. 2 in Materials and methods for AN calculation.
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Table 2. Stomach contents for 22 individual Greenland sharks sampled off the coast of Iceland.

Percent
Prey species Total no. frequency Wi (kg) P; (%)
Great laternshark, Etmopterus princeps 1 4.5 0.2
Starry ray, Raja radiate 2 4.5 3
Rat-fish, Chimera monstrosa 2 4.5 n/d
Teleostei (unidentified teleosts) 13 27.3 7.5
Atlantic herring, Clupea harengus 9 4.5 4.5
Greater argentine, Argentina silus 14 18.2 8.9 1.57
Lantern fish, Myctophidae sp. 5 4.5 n/d
Atlantic cod, Gadus morhua 60 22.7 116 20.47
Haddock, Melanogrammus aeglefinus 2 9.1 L5 0.26
Saithe, Pollachius virens 13 27.3 31 5.47
Tusk, Brosme brosme 2 9.1 2 0.35
Ling, Molva molva 4 9.1 2 0.35
Lotidae (unidentified ling, blue ling, tusk) 36 22.7 64 11.30
Atlantic wolffish, Anarhichas lupus 6 18.2 10.2 1.80
Spotted wolffish, Anarhichas minor 1 4.5 1
Pleuronectidae (unidentified flatfish) 2 9.1 0.8
European plaice, Pleuronectes platessa 10 4.5 6 1.06
Dab, Limanda limanda 4 9.1 2.2
Halibut, Reinhardtius hippoglossoides 1 4.5 4
Lumpsucker, Cyclopterus lumpus 4 4.5 2
Redfish, Sebastes spp. 303 54.5 325 57.36
Mammalia (unidentified mammal) F 4.5 20
Unidentified pinniped Head, F,F 13.6 23
Unidentified dolphin or porpoise F,F, F 13.6 100.7
Polar bear, Ursus maritimus Leg, skin 4.5 4

Note: Four shark stomachs were empty. Marine mammal tissue was found as fragments (F) of skin, blub-

ber, and (or) muscle except where indicated. “Total no.

”»

is the number of individuals of each prey species

found in all stomachs. Percent frequency is the number of shark stomachs in which each prey species was
found, divided by total number of stomachs quantified. W, is the total weight (kg) of all individuals of each
prey species from all stomachs, and “n/d” indicates no data. Diet proportions (P,, reported as %) are pro-
vided for teleosts that were analyzed for 8'°C and 5"°N in the present study. P; is equal to W,/W,,, where W,
is 566.6 kg and is equal to the total weight (kg) of the 10 prey for which stable isotopes were analyzed. §"*C
and 8"N for offshore redfish were used for “Redfish, Sebastes spp.” and the mean §"°C and §"N for ling,
blue ling, and tusk were used for “Lotidae.” §"°C and 8"°N values are provided in Table 1.

analyses was <0.15%o for §!3C and 85N based on internal
reference samples.

Mercury analysis

Total Hg in muscle of deepwater shrimp and fishes and
whole capelin was analyzed by atomic absorption spectrom-
etry vapor generation at the Great Lakes Institute for Envi-
ronmental Research, University of Windsor (Windsor,
Ontario, Canada), which is accredited by the Canadian As-
sociation of Environmental Analytical Laboratories. To en-
sure accuracy, 20% of samples run were blanks, replicates,
and National Research Council Canada standards (Dorm-2,
Dolt-3). All Hg concentrations are reported in pg-g dry
weight (dw)~!, and the detection limit was 0.05 pg-g dw-!
(three times the standard deviation (SD) of blanks).

Although total Hg was analyzed, >90% of the Hg in fish
is in the form of methylmercury (Becker and Bigham 1995),
and total Hg is often used as a proxy for methylmercury
(Power et al. 2002; Chumchal et al. 2008).

Data analysis
Among all individuals of all species sampled (n = 131),
three outliers based on 8N and §!3C were identified using

probability plots and were removed from all analyses. Values
of 315N and 3'3C were normally distributed based on proba-
bility plots, and Hg data was log;-transformed prior to inclu-
sion in statistical models and is referred to as “log[Hg]”.
Species means of 3'°N, §13C, and log[Hg] were considered
significantly different if their 95% confidence intervals (CIs)
did not overlap (95% ClIs are shown in Figs. 2 and 3). Com-
paring 95% Cls is a conservative method for identifying dif-
ferences between means (Payton et al. 2003) and provided a
straightforward way to compare variables among the 15 spe-
cies sampled in the present study. However, comparing 95%
CIs among species suffers from the issue of increased type I
error rate due to multiple comparisons.

Isotope discrimination factors (A3C and A!’N) were
calculated for Greenland sharks based on equations from
Sherwood and Rose (2005) as follows, using 815N as an example:

(2)  APN=8"Ngur — Y _(Pi-8"N;)

where 8Ny« is the mean 35N of Greenland sharks and
315N; is the mean 315N of the ith prey species. P; is equal to
the ratio of the total weight (kg) of prey i consumed by all
sharks (W;) to the total weight (kg) of all prey (W)
(Table 2).
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Fig. 2. Mean = 95% confidence intervals of 8'*C (%o) and 8'°N (%o) for species sampled from Icelandic waters. Symbols indicate the 8'3C-
assigned resource use category for each teleost species as follows: offshore pelagic (solid symbols), offshore mixed (symbols with dark
shading), inshore mixed (symbols with light shading), and inshore benthic (open symbols).
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Habitat and resource use can be identified in marine fish
using 313C because benthic-feeding consumers are typically
more enriched in 13C relative to pelagic-feeding consumers
(Davenport and Bax 2002; Sherwood and Rose 2005). Ice-
landic teleosts were assigned to one of four groups referred
to as “resource use categories’” based on significant differ-
ences (i.e., 95% CI) in 3!3C and sampling location (i.e., in-
shore vs. offshore). Trophic positions were calculated for
Icelandic species using 8N as follows:

(3) TP = TPbaseline + (Blchonsumer - 815I\Ibaseline)/AlsN

14 16

where TPy geline 15 the estimated TP of the baseline organism,
315N onsumer and 81Ny celine are the mean 8N of the consu-
mer of interest and of the baseline organism, respectively,
and 3.4%o was used as the AN for teleosts (Post 2002).
The AN calculated for Greenland sharks using eq. 2 was
included in the calculation of Greenland sharks’ TP in place
of 3.4%o. Mean 35N of deepwater shrimp, which were
assigned a TP of 2.0, was used as the baseline for glacial
eelpout. Greater argentine and European plaice were used
as baselines for the remaining species sampled offshore and
inshore, respectively. Greater argentine and European plaice
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Table 3. Resource use based on 8'3C for teleosts sampled in Icelandic waters and stomach content data from previously published studies.

Previous diet data

§13C Size
Species resource  Predominant prey items (cm) Reference
Greater argentine, Argentina Pelagic Euphausiacea, Amphipoda n/d Scott and Scott 1988
silus
Capelin, Mallotus villosus Pelagic Calanus finmarchius, C. hyperboreus n/d Astthorsson and Gislason 1997*
Atlantic cod, Gadus morhua Mixed Pandalus borealis, Mallotus villosus ~60 Jaworski and Ragnarsson 2006*
Haddock, Melanogrammus Mixed Polychaeta, Mallotus villosus, ~60 Jaworski and Ragnarsson 2006*
aeglefinus Ophiuroidea
Saithe, Pollachius virens Mixed Mallotus villosus, Ammodytidae, ~50 Jaworski and Ragnarsson 2006*
Euphausiacea
Tusk, Brosme brosme Mixed Micromesistius poutassou, Munida sp. 49-62 Bergstad 1991
Ling, Molva molva Mixed Gadus morhua, Pollachius virens, 60-155 Bergstad 1991
Todarodes sagittatus
Blue ling, Molva dypteryia Mixed Micromesistius poutassou, Argentina 70-79 Bergstad 1991
silus, Decapoda
Atlantic wolffish, Anarhichas Benthic Echinodermata, Mollusca ~50 Jaworski and Ragnarsson 2006*
lupus
European plaice, Pleuronectes Benthic Polychaeta, Harpacticoida, Amphipoda ~40 Russo et al. 2008
platessa
Lemon sole, Microstomus kitt Benthic Polychaeta, Ophiuroidea, Mollusca 31-40 Steinarsson, 1979%*
Redfish (inshore), Sebastes Mixed Meganyctiphanes norvegica, ~40 Jaworski and Ragnarsson 2006*
marinus Mallotus villosus
Redfish (offshore), S. marinus Pelagic Meganyctiphanes norvegica 31-33 Petursdottir et al. 2008*
and S. mentella®
Glacial eelpout, Lycodes frigidus  Pelagic Hymenodora glacialis, Gonatus >30 A. Monge and J. Svavarsson,

steenstrupi, Clupea harengus,
Polychaeta, Decapoda

unpublished data*?; Bjelland
et al. 2000

Note: Only the most frequently observed diet items are provided for each species (i.e., not an exhaustive list). Studies that reported data for fishes
sampled from Icelandic waters are marked with an asterisk (*). Size (cm) is the size of the fish for which diet data are provided, and “n/d” indicates that no

size data were provided.

“Previous diet data provided is for Sebastes mentella.

’A. Monge and J. Svavarsson, Institute of Biology, University of Iceland, Sturlugata 7, IS-101 Reykjavik, Iceland.

feed primarily on planktonic (Scott and Scott 1988) and
benthic invertebrates (Russo et al. 2008), respectively, and
the TP of both species was estimated at 3.2.

Previously reported stomach content data for all teleosts
sampled were compiled from the literature for comparison
to the resource use and TPs indicated by §!3C and 3'5N in
the present study, respectively (Table 3). When possible,
data provided in Table 3 were from studies conducted in
Icelandic waters and for teleosts of a similar size to the
present study’s samples.

In an attempt to further differentiate potential energy
sources to Greenland sharks, log[Hg] was compared among
the four teleost resource use categories (outlined above) us-
ing 95% ClIs and a subsequent analysis of variance
(ANOVA). Simple linear regressions were used to test for
relationships between log[Hg] and length for each species
separately and for log[Hg] and 3N among species. An ad-
ditive model was then used to investigate the simultaneous
effects of resource use category and 85N on log[Hg] among
all species, with teleosts coded according to their §13C-
assigned resource use category and Greenland sharks coded
into a separate category (because they could not be clearly
assigned to one category based on §!3C). Likelihood ratio
tests are useful for identifying the difference in fit of a
more parameterized model relative to a reduced model
(Quinn and Keough 2002) and were therefore used to test

whether the fit of the model including both resource use
category and 8N was improved relative to the model in-
cluding only 85N. Likelihood ratio tests were performed
using the “Irtest” function in the statistical package
“Imtest” in R (R Development Core Team 2008). The ef-
fects of sex on 313C, 815N, and Hg could not be deter-
mined because too few male sharks were sampled and the
sex organs of most teleosts had been removed prior to
sampling. All analyses were considered significant if P <
0.05 for test statistics and were run in R.

Results

Greenland shark stomach contents and A13C and AN
Redfish (i.e., Sebastes spp.) had the highest frequency
(54.5% of sharks) and highest numbers (303 individual red-
fish) and contributed the most by weight (325 kg) to the
stomachs of Greenland sharks (Table 2). Other teleosts
present in the stomachs of Greenland sharks included those
that feed pelagically (e.g., greater argentine), benthically
(e.g., wolffish, European plaice), and on both benthic and
pelagic resources (e.g., Atlantic cod, tusk) based on previous
diet data (for references, see Table 3). Tissue from polar
bear and unidentified pinniped and cetacean species were
also found in the stomachs of Greenland sharks (Table 2).
All teleosts sampled in the present study were identified
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in the stomachs of Greenland sharks except for capelin,
lemon sole, and glacial eelpout (assuming that blue ling
could have been present as “Lotidae (unidentified ling, blue
ling, tusk)”; Table 2). The ABC and AN calculated for
Greenland sharks based on dietary proportions (Table 2)
were 0.4%o and 4.0%o, respectively.

313C and $15N among species

European plaice, wolffish, and lemon sole had similar and
significantly higher 8!3C than all other teleosts based on
95% Cls (Fig. 2) and were assigned to a resource use cate-
gory referred to as “inshore benthic.” Capelin (whole fish),
glacial eelpout, offshore redfish, and greater argentine had
significantly lower 3'3C than the other teleosts based on
95% CIs and were assigned to the “offshore pelagic” re-
source use category (Fig. 2). The remaining teleosts had in-
termediate 3!3C values that fell between the inshore benthic
and offshore pelagic teleosts. The teleosts with intermediate
313C sampled offshore are referred to as “offshore mixed”
(i.e., ling, blue ling, tusk), and those sampled inshore are
referred to as “inshore mixed” (i.e., cod, haddock, saithe,
inshore redfish). Blue ling could have been grouped into a
different resource use category, because they had signifi-
cantly different 3!13C from both the offshore pelagic and off-
shore mixed fishes. However, because of their close
taxonomic relationship with ling and tusk, blue ling was as-
signed to the offshore mixed resource use category. Several
inshore and offshore mixed fishes had similar 8!3C based on
95% CI overlap, despite being sampled at distant locations.
For example, the 95% CI of tusk 3'3C overlapped that of
Atlantic cod, haddock, saithe, and inshore redfish (Fig. 2),
although >200 km separated the sampling locations of tusk
and the inshore fishes (Fig. 1).

Values of 813C among individual Greenland sharks ranged
from —19.7%o to —15.7%o, with a mean + 1 standard error (SE)
of —17.8%o = 0.3%0 (Table 1). The 95% CI of Greenland shark
813C overlapped that of teleosts assigned to the offshore pela-
gic (i.e., greater argentine), offshore mixed (i.e., blue ling,
ling), and inshore mixed (i.e., inshore redfish) resource use
categories (Fig. 2). Mean Greenland shark 3!13C was closest
to that of blue ling (—17.7%o) (Table 1; Fig. 2), but when cor-
rected for by the A3C of 0.4%o (i.e., subtracted from the
mean Greenland shark 3'3C to correct for the enrichment of
I3C with TP), it became slightly closer to the 813C of the pela-
gic-feeding greater argentine (Table 1; Fig. 2).

All teleost samples had C-N ratios (C/N) of <3.2, indicat-
ing adequate lipid removal (C/N of <3.5 indicates adequate
removal of lipid from animal tissues; Post et al. 2007).
However, C/N of Greenland shark muscle samples ranged
from 3.0 to 4.6, with a mean + 1 SD of 3.5 = 0.3. Eleven
Greenland sharks had adequate lipid removal (i.e., C/N of
<3.5) and the mean + 1 SD of said sharks’ 3'3C was
—17.3%0 = 1.2%o. Therefore, if all lipids had been removed,
the mean 8'3C of Greenland sharks would still be most
similar to that of mixed-feeding teleosts such as ling and
would still be closer to the §13C of the pelagic- vs.
benthic-feeding teleosts (Table 1; Fig. 2).

Assignment of teleosts to pelagic, mixed, or benthic diets
by 813C was generally supported by previously reported
stomach content data (Table 3). Specifically, the benthic sig-
nature of wolffish, lemon sole, and European plaice was
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consistent with their consumption of benthic invertebrates
(e.g., polychaete worms), and the pelagic signature of cape-
lin, greater argentine, and offshore redfish agreed with their
consumption of pelagic zooplankton (Table 3). The pelagic
assignment of glacial eelpout agreed with their known con-
sumption of the pelagic shrimp Hymenodora glacialis and
squid Gonatus steenstrupi in Icelandic waters (A. Monge
and J. Svavarsson, Institute of Biology, University of Ice-
land, Sturlugata 7, IS-101 Reykjavik, Iceland, unpublished
data), although glacial eelpout from Icelandic waters and
the Norwegian Sea are also known to consume benthic prey
such as polychaetes (Table 3). The intermediate 3!3C of At-
lantic cod, haddock, and saithe is consistent with previous
studies that indicated a diet of both benthic (e.g., Ophiuroi-
dea) and pelagic invertebrates (e.g., Euphausiacea) and
benthic (e.g., Ammodytidae) and pelagic fishes (e.g., cape-
lin) (Table 3). The assignment of inshore redfish to the
mixed resources category in the present study does not agree
with previous stomach content data, which indicated pelagic
feeding (Table 3). However, redfish (Sebastes spp.) from
Newfoundland waters were also assigned to mixed feeding
(i.e., benthic and pelagic) by 313C, suggesting that redfish
can also consume benthic prey (Sherwood and Rose 2005).
The fewest previous diet data existed for the species as-
signed to the offshore mixed category (i.e., ling, blue ling,
and tusk) because of a high frequency of empty stomachs.
For example, out of 129 individual tusk (Brosme brosme)
caught in the North Sea, only four stomachs contained prey
(Bergstad 1991). Although based on few data, diet items of
ling, blue ling, and tusk from the North Sea included benthic
prey such as lobsters (i.e., Munida spp.) and pelagic fish
(e.g., Argentina silus) and squid (e.g., Todarodes sagittatus),
which supports their designation as mixed feeders by 813C
(Table 3).

Greenland shark and glacial eelpout had significantly
higher 3N than all species sampled based on 95% ClIs
(Table 2; Fig. 2). Regarding relative TPs calculated from
315N values, Greenland sharks had the highest calculated TP
(4.3) of any species sampled (Table 1). Among teleosts, ca-
pelin had the lowest relative TP (3.0), and blue ling and tusk
had the highest (3.8) (Table 1). The range of relative TPs
among teleosts in the present study was consistent with their
known consumption of pelagic zooplankton (e.g., capelin,
TP = 3.0), benthic invertebrates (e.g., wolffish, TP = 3.1), or
both invertebrates and fish (e.g., cod, TP = 3.7), as indicated
by previous stomach content data (Table 3). Regarding the
baseline species, 8'°N was significantly higher in deepwater
shrimp (baseline for glacial eelpout) than in European plaice
(baseline for inshore species) and greater argentine (baseline
for offshore species) and did not differ between inshore and
offshore baseline species based on 95% CIs (Fig. 2).

Mercury concentrations among species

Capelin and deepwater shrimp did not have detectable
levels of Hg (total Hg, pg-g dw!) (Table 1). Log[Hg] was
significantly higher in Greenland sharks relative to all other
species sampled based on 95% Cls and generally differed
among teleosts assigned to different resource use categories
(Fig. 3). Specifically, several inshore mixed fishes (Atlantic
cod, haddock, saithe) had significantly lower log[Hg] than
all offshore mixed teleosts (ling, blue ling, tusk) and two
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offshore pelagic teleosts (glacial eelpout, offshore redfish)
based on 95% ClIs (Fig. 3). A subsequent ANOVA sup-
ported the results from 95% Cls and indicated that resource
use category had a significant effect on log[Hg] (F360; =
27.23, P < 0.001), with significant differences in log[Hg]
concentrations based on post-hoc comparisons as follows:
offshore mixed > offshore pelagic > inshore mixed = inshore
benthic. Log[Hg] was not related to length in any species
based on linear regressions (all P > 0.05). Among species,
log[Hg] significantly increased with 81N (y = 0.26x — 3.51,
R? = 0.671, P < 0.001). The additive model including both
resource use category and 3!5N as independent variables in-
dicated that log[Hg] differed with resource use category and
that, across categories, log[Hg] significantly increased with
315N (R? = 0.850, P < 0.001). Based on likelihood ratio
tests, the model including both resource use and 3!5N as pre-
dictors of 10%[Hg] was a better fit than the model including
only 85N (x5 = 64.19, P < 0.001).

Discussion

Resource use among Greenland sharks and teleosts

The similar 3!3C between Greenland sharks and offshore
pelagic and mixed teleosts (based on 95% CI overlap) indi-
cates that Greenland sharks in Icelandic waters used both
benthic and pelagic resources. Stomachs of Greenland
sharks sampled in this study and of Greenland sharks
sampled in West Greenland waters (Yano et al. 2007)
confirm that Greenland sharks consume benthic (e.g.,
Atlantic wolffish, A. lupus) and pelagic (e.g., redfish, S.
mentella and S. marinus) prey. The similarity between the
ABC-corrected mean value of Greenland sharks and the
mean 33C of pelagic-feeding greater argentine could
indicate a higher input of pelagic carbon to at least some in-
dividual Greenland sharks. A previous study in Cumberland
Sound, Baffin Island, Canada, also reported significantly
lower (i.e., more pelagic) 83C signatures in Greenland
sharks relative to pelagic-feeding ringed (Pusa hispida) and
harp (Phoca groenlandica) seals (Fisk et al. 2002). Addi-
tionally, acoustic tags placed on Greenland sharks living
under landfast sea ice in the Canadian Arctic (Skomal and
Benz 2004) and acoustic and satellite tags placed on
Greenland sharks living in the St. Lawrence estuary, Canada
(Stokesbury et al. 2005), indicated that Greenland sharks
physically visit pelagic environments. Results from 3'3C in
the present study provided further evidence that pelagic re-
sources are important to at least some Greenland sharks.
However, high variability in §!3C among individual Green-
land sharks warrants further study (see Bolnick et al. 2003).

The ABC of 0.4%o calculated for Greenland sharks was
within the expected increase of 0%o0—1%o frequently reported
between an animal and its diet (Fry and Sherr 1984), but
was lower than the mean A!C value of 0.9%0 = 0.3%o
(mean = 1 SD) reported for three captive tiger sharks
(Carcharias taurus) and one captive lemon shark (Negaprion
brevirostris) fed a known diet (Hussey et al. 2009). How-
ever, isotope discrimination values are currently thought to
be diet- and taxa-dependent (Overmyer et al. 2008; Caut et
al. 2009; Hussey et al. 2009), and calculating a species-
specific discrimination value seemed more appropriate than
using a value from the literature.
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The agreement between teleost resource use, as indicated
by 813C in the present study, and previously published diet
data suggests that 3!3C accurately assigned most teleosts to
reliance on pelagic, benthic, or mixed resources. The similar
313C of inshore mixed and offshore mixed teleosts could re-
flect their feeding on similar prey species or their feeding on
different prey with similar §!13C values. The sampling of off-
shore species in deeper water and ~200 km away from in-
shore species suggests the latter explanation, although some
species (e.g., Atlantic cod; Sherwood and Rose 2005) are
likely capable of moving between offshore and inshore hab-
itats. However, because of overlapping §!3C among several
mixed species and the lack of stomach content data in the
present study, drawing more specific conclusions regarding
the diet of mixed teleosts based solely on §!13C values is im-
possible.

Trophic positions among Greenland sharks and teleosts

Greenland sharks sampled in Icelandic waters had a
higher calculated TP relative to known teleost prey. Con-
trary to this result, Fisk et al. (2002) reported lower than ex-
pected 8N values of Greenland sharks sampled off the
coast of Baffin Island, based on similar 3/N among Green-
land sharks and two prey species: ringed seal and turbot
(Reinhardtius hippoglossoides). Fisk et al. (2002) suggested
that urea present in Greenland shark tissues (shark liver was
analyzed) could have contributed to low observed 85N,
However, urea was recently reported to have no effect on
muscle 85N of spiny dogfish (Squalus acanthias) (Logan
and Lutcavage 2010). Thus, it is unlikely that urea influ-
enced Greenland shark muscle 815N values or their calcu-
lated TP in the present study.

The Greenland shark specific AN of 4.0%0 was within
the published range of isotope discrimination factors previ-
ously published for fishes (Vander Zanden and Rasmussen
2001; Caut et al. 2009). However, a AN of 2.3%o + 0.2%o
(mean + 1 SD) was recently reported for captive tiger and
lemon sharks, indicating that sharks might have lower AN
than teleosts (Hussey et al. 2009). If this is the case, then the
AN calculated for Greenland sharks in the present study
could be too high (and therefore their TP could be too low).
The small number of shark stomachs quantified (n = 22) and
the lack of certain prey included in the analysis (e.g., marine
mammal) are limitations to the Greenland shark specific
ABN. Although marine mammals were not sampled in the
present study, previous studies have reported similar §!5N
values between piscivorous marine mammals and teleosts.
For example, muscle of ringed seal and turbot sampled off
the coast of Baffin Island had similar 8!5N values (Fisk et
al. 2002). Therefore, the 81N of pinnipeds and cetaceans in
Icelandic waters is expected to be similar to that of piscivo-
rous teleosts such as Atlantic cod and ling. The lack of ma-
rine mammals in the present study is therefore not thought
to severely bias the AN calculated for Greenland sharks.
Further, as was the case with A13C (discussed above), calcu-
lating a specific AN for Greenland sharks in the present
study seemed more appropriate than using a value from the
literature.

The agreement between relative TPs calculated for Icelan-
dic teleosts and previous diet data indicates that TPs were
likely accurate and that European plaice, greater argentine,
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and deepwater shrimp were appropriate baselines for the in-
shore and offshore teleosts and glacial eelpout, respectively.
Higher 315N in deepwater shrimp relative to the other base-
line species suggests that baseline 8N varied spatially be-
tween the deepwater habitat of glacial eelpout and the other
sampling areas. This conclusion is supported by the observa-
tion that 3°N varies with depth in the North Atlantic (Ve-
linsky and Fogel 1999). Spatial variability in 3N was not
apparent between inshore and offshore habitats based on
similar 8N values (i.e., 95% CI overlap) in European
plaice and greater argentine. In Newfoundland waters, how-
ever, conspecifics sampled offshore had generally lower
3N than those sampled inshore (Sherwood and Rose
2005). Thus, broad-scale patterns of spatial variability in
baseline 3N (i.e., over a distance of several hundred kilo-
metres) could be ecosystem-specific. The apparent lack of
spatial variability in 8'°N between inshore and offshore hab-
itats and the agreement between calculated TP and previous
diet data indicate that 8!SN was a good proxy for TP among
Iceland species.

Mercury as an additional tracer of diet and resource use

The application of Hg in the present study relied on the
assumption that Hg differed among species based on diet
and resource use. This assumption appeared valid because
log[Hg] was significantly higher in offshore mixed- and pe-
lagic-feeding fishes relative to inshore mixed- and benthic-
feeding fishes based on 95% CIs and ANOVA. Log[Hg]
also increased with TP (as indicated by §!°N) based on lin-
ear regression and was better described by the combination
of 813C-assigned resource use category and 8N vs. 315N
alone, based on a likelihood ratio test. Thus, results from
the present study support results from previous studies that
both 815N and benthic vs. pelagic resource use are important
for describing Hg concentrations in fishes (Power et al.
2002; Eagles-Smith et al. 2008).

Significantly higher log[Hg] in offshore mixed- and pela-
gic-feeding teleosts relative to inshore mixed- and benthic-
feeding teleosts could indicate that the high Hg concentra-
tions in Greenland sharks are at least partially explained by
their feeding on offshore resources. Similar 8!3C between
Greenland sharks and offshore mixed- and pelagic-feeding
teleosts supports this suggestion. Of course, teleosts are not
the only prey of Greenland sharks based on stomach content
data (this study; Fisk et al. 2002), and additional prey such
as marine mammals likely contributed to observed Hg con-
centrations in Greenland sharks. Regardless, the significant
difference in log[Hg] between offshore mixed-feeding and
inshore mixed-feeding teleosts provided an additional way
to separate these species regarding their potential importance
to the diet of Greenland sharks. Results from the present
study support previous observations that Hg can differ
among marine fishes when 313C and (or) 8N overlap
(Bank et al. 2007; Cai et al. 2007).

The significant increase in log[Hg] with 315N suggests
that TP is an important determinant of Hg concentrations in
Icelandic fishes. Additionally, the higher Hg concentrations
in Greenland sharks relative to their known teleost prey sup-
ports their high relative TP calculated from 3!5N values. The
increase in Hg concentration with increasing TP of fishes is
well known (e.g., Chumchal and Hambright 2009), and 8N

Can. J. Fish. Aquat. Sci. Vol. 67, 2010

has frequently been used to describe Hg variability in
aquatic food webs (Cabana and Rasmussen 1994; Kidd et
al. 1995; Campbell et al. 2005). Previous studies in marine
and freshwater systems have reported a slope of ~0.2 for
the relationship between log[Hg] and 8N (reviewed by Ri-
gét et al. 2007), which is similar to the slope of 0.26 ob-
served in the present study. Therefore, results from
Icelandic fishes support the suggestion by previous research-
ers (Kidd et al. 2003; Chen et al. 2008; Chumchal and Ham-
bright 2009) that a similar mechanism appears to govern the
increase of Hg with TP (i.e., biomagnification) among dispa-
rate systems.

Some of the unexplained variability in the log[Hg]-8'°N
linear regression can be explained by differences in Hg con-
centrations among habitats and (or) resource use, based on
the improved fit of the model including both resource use
category and 3'5N. Although sufficient data did not exist to
further investigate trends of Hg accumulation within each
resource use category, the mechanism driving generally
higher log[Hg] in the offshore mixed- and pelagic-feeding
teleosts vs. inshore mixed- and benthic-feeding teleosts
could be (i) offshore fishes feeding at a higher TP (Cai et
al. 2007), (if) variability in the uptake and (or) availability
of Hg between the bases of the benthic and pelagic food
chains (Kidd et al. 2003), or (iii) lower growth rates or
higher activity costs in offshore fishes (Trudel and Rasmus-
sen 2006). Feeding at different TPs is a likely explanation
for some of the variability in Hg between inshore and off-
shore species, because the teleosts with the highest relative
TPs were those sampled offshore (i.e., tusk and blue ling,
TPs = 3.8). The influence of Hg variability between the
base of benthic and pelagic food chains and the potential in-
fluence of growth rate and activity cost on fish Hg cannot be
assessed in the present study. However, results from Icelan-
dic fishes suggest that Hg varies with TP and resource use
and stress the need for additional data concerning log[Hg]
bioaccumulation between benthic and pelagic food chains in
marine environments (Chen et al. 2008).

High Hg in Greenland sharks sampled in the present study
was attributed to their feeding at a high TP and on slightly
more contaminated offshore resources, although the bioaccu-
mulation of Hg in tissues over time can also contribute to
observed Hg concentrations in fish (Trudel and Rasmussen
2006). It is currently impossible to age Greenland sharks,
but if Hg accumulation over time (i.e., age) was an impor-
tant mechanism governing observed Greenland shark Hg
concentrations, a positive increase in log[Hg] with shark
length would be expected. The lack of a relationship be-
tween Greenland shark length and log[Hg] indicates that
(i) Hg in larger, assumedly older Greenland sharks was not
entirely driven by bioaccumulation over time and (ii) the
larger Greenland sharks sampled in the present study did
not necessarily feed at a higher TP than smaller sharks.
Greenland sharks ranging from 234 to 322 cm (fork length)
sampled in Cumberland Sound, Baffin Island, Canada, also
did not exhibit a relationship between hepatic log[Hg] and
length (McMeans et al. 2007). The lack of a relationship be-
tween length and log[Hg] within Icelandic teleosts could be
attributed to the small size range and (or) low number of
each species sampled, because many fishes are known to ex-
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hibit increased Hg concentrations with size and age (e.g.,
Eagles-Smith et al. 2008).

Temporal variability in §13C, 35N (Nordstrom et al.
2009), and Hg (Lambertsson and Nilsson 2006) could also
have influenced the interpretation of Greenland shark diet
in the present study. The sampling of Greenland sharks op-
portunistically as bycatch prevented their collection during a
smaller time frame. Although it is impossible to identify if
temporal variability influenced results in the present study,
sampling year (categorical variable) did not significantly re-
duce the unexplained variability in 3'3C (ANOVA, Fi4 14 =
0.998, P > 0.05), 815N (F4,14) = 2.659, P > 0.05), or log[Hg]
(Flaa3 = 0375, P > 0.05) among individual Greenland
sharks. Temporal variability was likely not an issue for Ice-
landic teleosts because they were all collected during a four-
month period (i.e., between August and November 2005),
except for capelin and glacial eelpout. The agreement be-
tween previous diet data and this study’s assigned resource
use (indicated by 3!3C) and TPs (indicated by 3!5N) supports
this suggestion.
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